DEVELOPMENT OF MASS SPECTROMETRIC ANALYSIS FOR DRUG
METABOLITE IDENTIFICATION AND QUANTITATION,
DELINEATING CELLULOSE FAST PYROLYSIS MECHANISMS, AND
STUDYING GAS-PHASE REACTIVITY OF VINYL CATIONS
by
Zaikuan J. Yu

A Dissertation
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

Department of Chemistry
West Lafayette, Indiana
August 2019

2

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Hilkka I. Kenttämaa, Chair
Department of Chemistry
Dr. Alexander Wei
Department of Chemistry
Dr. Peter Kissinger
Department of Chemistry
Dr. Julia Laskin
Department of Chemistry

Approved by:
Dr. Christine A. Hrycyna
Head of the Graduate Program

3

路漫漫其修远兮，吾将上下而求索

4

ACKNOWLEDGMENTS

I hold my deepest gratitude towards my advisor, Professor Hilkka Kenttӓmaa, for her
wonderful care and dedication throughout my graduate study at Purdue Chemistry. One of the
most important turning points during my career development is the moment I joined the Kenttӓmaa
research group. Every day I spent in her research group was meaningful and fulfilling; every
conversation with her was inspiring and encouraging; every moment during my time at Purdue
Chemistry was worthwhile because of her unreserved guidance. I would not have enjoyed my
research so much otherwise.
I would also like to thank my previous advisor, Professor Peng George Wang at Georgia
State University. He saw my potential in becoming a scientist regardless my humble beginning
and gave me my first opportunity to explore the wonderful world of chemistry. Without his
unselfish support, I would not have entered a top university and be doing research in a top program.
His contagious enthusiasm for science has deeply affected my attitude towards research.
I would also like to express my gratitude to my committee members, Professors Julia
Laskin, Alexander Wei, and Peter Kissinger for their openness and support. Professor Alexander
Wei has mentored me greatly on my organic synthesis and provided me invaluable career advice.
I sincerely enjoyed every conversation with my committee members and will not forget their
mentorship.
A million thanks go to my internship mentor Peter Fan, a principle scientist at Merck. I
thank him for giving me the invaluable opportunity to practice my knowledge and grow both
scientifically and professionally during a 12-week internship at Merck. I would not have chosen a
pharmaceutical career as the future path if it wasn’t for his wonderful mentorship and guidance. I
also benefited greatly from the coaching and support of my Merck PPDM colleagues during my

5
stay at Merck. Thanks to all of them, the knowledge and experience I gained from this internship
is beyond what I ever wished for.
I would also like to thank my dear fellow Kenttӓmites, past and present. Dr. John Nash has
enlightened me greatly while learning about radicals, carbenes, and vinyl cations – subjects I used
to be afraid of. Dr. Huaming Sheng, though did not have overlap with me in graduate school, has
helped me greatly in the Merck collaboration project and provided me with networking
opportunities at Merck. Dr. John Kong and Dr. Ravikiran Yerabolu taught me everything about
ion/molecule reactions and how to build external reagent manifolds. Dr. Mckay Easton and Dr.
Priya Murria brought me my first project and coached me greatly on the interdisciplinary research
project. Dr. Chunfen Jin taught me the operation and maintenance of the instrument TWIN and
saved me many times when I could not solve a problem. Dr. Mark Romanczyk trained me on
operating linear quadrupole ion trap mass spectrometers, the first mass spectrometer I have ever
touched. To not make this list endless, I enjoyed the company of my contemporaries – Dr. Hanyu
Zhu, Dr. Yuan Jiang, Dr. Joann Max, Dr. Xueming Dong, Xin Ma, Rashmi Kumar, Jacob Milton,
Yuyang Zhang, Duanchen Ding, Jeremy Manheim, Edouard Niyonsaba, Katherine Wehde, Lan
Xu, Leah Easterling, Hao-Ran Lei, Brent Modereger, Jifa Zhang, Erlu Feng, Judy Kuan-Yu Liu,
Kawthar Alzarieni, Wanru Li, and Yue Nacy Fu. I would like to especially thank Leah Easterling
and Jacob Milton for helping me improve my writing. Also, I would be mistaken if I did not thank
the Jonathan Amy Facility for Chemical Instrumentation, and especially Dr. Hartmut Hedderich,
Dr. Ryan Hilger, Mark Carlsen, Randy Replogle, Konrad Klewer, and Erick Norwood. I couldn’t
count how many times their help has saved my research projects.
Finally, my wholehearted gratitude goes to my family. I am the single child of my parents
and a long way from my sweet home in Sichuan, China. My parents never let me worry about their

6
wellbeing and are extremely supportive of my education. If it wasn’t for their understanding and
encouragement, I would not have become who I am today. I am extremely fortunate to have
married my wife Ginny after so many years in a long-distance relationship. I still vividly remember
the sleepless nights when I was not able to see her or be with her. She is not only my high-school
sweetheart but also my comrade, mentor, and best friend. She is my mirror, reminding me who I
really am when my ego tries to take over.
This thesis is dedicated to my family for their unconditional love and support.

7

TABLE OF CONTENTS
LIST OF TABLES ........................................................................................................................ 13
LIST OF FIGURES ...................................................................................................................... 14
LIST OF SCHEMES..................................................................................................................... 20
ABSTRACT .................................................................................................................................. 21
INTRODUCTION AND THESIS OVERVIEW ................................................ 23
Introduction ....................................................................................................................... 23
Thesis Overview ............................................................................................................... 24
References ......................................................................................................................... 25
INSTRUMENTATION AND PRINCIPLES OF LINEAR QUADRUPOLE ION
TRAP MASS SPECTROMETER ................................................................................................ 27
Introduction ....................................................................................................................... 27
Ion Generation .................................................................................................................. 28
Electrospray Ionization (ESI) .................................................................................... 30
Atmospheric Press Chemical Ionization (APCI) ....................................................... 33
Linear Quadrupole Ion Trap (LQIT) Mass Spectrometry................................................. 35
Overview.................................................................................................................... 36
Radial Ion Motion ...................................................................................................... 40
Axial Motion.............................................................................................................. 44
Ion Ejection for Detection ......................................................................................... 45
Ion Detection ............................................................................................................. 46
Multi-Stage Tandem Mass Spectrometry .................................................................. 48
2.3.6.1 Ion Isolation .......................................................................................................... 49
2.3.6.2 Collision-Activated Dissociation in the Linear Quadrupole Ion Trap ................. 50
2.3.6.3 Ion Source Fragmentation (ISCAD) ..................................................................... 52

8
High-Resolution Orbitrap Mass Analyzer ........................................................................ 54
Triple Quadrupole Mass Analyzer .................................................................................... 56
Fundamental Principles of Gas-Phase Ion/Molecule Reactions ....................................... 58
Double-Well Potential Energy Surface ..................................................................... 59
Measurement of Rates of Ion/molecule Reactions .................................................... 61
References ......................................................................................................................... 63
SYNTHESIS OF MODEL COMPOUNDS ........................................................ 70
General Experimental Conditions ..................................................................................... 70
Synthesis of β-ᴅ-xylopyranosylglyceraldehyde (XGRA; Scheme 3.1)............................ 71
1,2:5,6-Di-O-isopropylidene-D-mannitol (1) ............................................................ 71
(R)-2,3-0-(Isopropylidene)-glyceraldehyde (2) ......................................................... 72
(S)-2,2-Dimethyl-4-vinyl-1,3-dioxolane (3) .............................................................. 73
(S)-But-3-ene-1,2-diol (4).......................................................................................... 73
(S)-2-Hydroxybut-3-en-1-yl Benzoate (5) ................................................................. 74
2,3,4-Tri-O-acetyl-β-D-xylopyranosyl-O-(S)-2-hydroxybut-3-en-1-yl benzoate (6) 74
β-D-Xylopyranosyl-O-(S)-2-hydroxybut-3-en-1-ol (7)............................................. 75
β-D-Xylopyranosyl-O-(R)-2-glyceraldehyde (XGRA)............................................. 76
Synthesis of 13C-labeled Cellotriose (T10; Scheme 3.2) .................................................. 76
Phenyl 2,3,4,6–Tetra–O–acetyl–1-thio-β–D–glucopyranoside (T2) ......................... 77
Phenyl 4,6-benzylidene-1-thio-β–D–glucopyranoside (T3)...................................... 77
Phenyl 2,3-Di-O-acetyl-4,6-O-benzylidene-1-thio-β–D–glucopyranoside (T4) ....... 78
Benzyl 2,3-di-O-acetyl-4,6-O-benzylidene-β–D–glucopyranosyl-(1→4)-2,3-di-Oacetyl-6-O-benzyl-β-D-glucopyranoside (T6) .......................................................... 78
Benzyl 1-Ol-2,3-di-O-acetyl-6-O-benzyl-β–D–glucopyranosyl-(1→4)-2,3-di-Oacetyl-6-O-benzyl-β-D-glucopyranoside (T7) .......................................................... 79

9
Benzyl 2,3,4,6-Tetra-O-acetyl-β-D-[1-13C]glucopyranosyl-(1→4)-1-2,3-di-O-acetyl6-O-benzyl-β–D–glucopyranosyl-(1→4)-2,3-di-O-acetyl-6-O-benzyl-β-Dglucopyranoside (T8) ................................................................................................ 80
Benzyl β-D-[1-13C]Glucopyranosyl-(1→4)-6-O-benzyl-β–D–glucopyranosyl-(1→4)6-O-benzyl-β-D-glucopyranoside (T9) ..................................................................... 81
Synthesis of Cellobiosylglycoaldehyde (CBGA; Scheme 3.3) ........................................ 82
2,3,4,6-Tetra-O-acetyl-glucopyranosyl-(1→4)-2,3,6-tri-O-acetyl–D–glucopyranose
(CB2) ......................................................................................................................... 82
2,3,4,6-Tetra-O-acetyl-glucopyranosyl-(1→4)-2,3,6-tri-O-acetyl–D–glucopyranosyl
trichloroacetimidate (CB3)........................................................................................ 83
Allyl 2,3,4,6-Tetra-O-acetyl-glucopyranosyl-(1→4)-2,3,6-tri-O-acetyl-β–D–
glucopyranoside (CB4) ............................................................................................. 83
Allyl Glucopyranosyl-(1→4)-β–D–glucopyranoside (CB5) ..................................... 84
Glycolaldehyde Glucopyranosyl-(1→4)-β–D–glucopyranoside (CBGA)................ 84
13

C- and 18O-Doubly-labeled Cellobiose (G9; Scheme 3.4) ............................................. 85
Benzyl 2,3-Di-O-benzyl-4,6-ol-β–D–galactopyranoside (G2).................................. 85
Benzyl 2,3-Di-O-benzyl-4,6-ol-β–D–galacto-4-ulopyranoside (G3) ........................ 86
Benzyl 2,3-Di-O-benzyl-6-ol-β–D–galacto-4[18O]-ulopyranoside (G4)................... 86
Benzyl 2,3-Di-O-benzyl-4[18O],6-ol-β–D–glucopyranoside (G5) ............................ 87
Benzyl 2,3-Di-O-benzyl-4[18O]-ol-6-benzoyl-β–D–glucopyranoside (G6) .............. 87

Benzyl 2,3,4,6-Tetra-O-acetyl-β–D–[1-13C]glucopyranosyl-(1→4[18O])-2,3-di-Obenzyl-6-benzoyl-β–D–glucopyranoside (G7) ...................................................................... 88
Benzyl β–D–[1-13C]glucopyranosyl-(1→4[18O])-2,3-di-O-benzyl-β–D–
glucopyranoside (G8) ................................................................................................. 89
β–D–[1-13C]Glucopyranosyl-(1→4[18O])–D–glucopyranose (G9) .......................... 89
Synthesis of 18O-labeled Cellobiose (Scheme 3.5) ........................................................... 89
Synthesis of the Methylenecyclopropenyl Cation Precursors (Scheme 3.6) .................... 90
5-(2,3-Diphenylcycloprop-2-en-1-ylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (P4)
................................................................................................................................... 90

10
5-(2,3-Di-p-tolylcycloprop-2-en-1-ylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (P5)
................................................................................................................................... 91
5-(2,3-bis(4-methoxyphenyl)cycloprop-2-en-1-ylidene)-2,2-dimethyl-1,3-dioxane4,6-dione (P6) ............................................................................................................ 92
References ......................................................................................................................... 94
DIFFERENTIATING DEPROTONATED ISOMERIC GLUCURONIDE
DRUG METABOLITES BY USING ION/MOLECULE REACTIONS IN TANDEM MASS
SPECTROMETRY ....................................................................................................................... 96
Introduction ....................................................................................................................... 96
Experimental Section ........................................................................................................ 99
Results and Discussion ................................................................................................... 101
Conclusions ..................................................................................................................... 114
References ....................................................................................................................... 115
IN-SITU BIOSYNTHESIS OF 18O-LABELED INTERNAL STANDARDs BY
CARBOXYLESTERASE ........................................................................................................... 117
Introduction ..................................................................................................................... 117
Experimental Section ...................................................................................................... 121
Chemicals and materials .......................................................................................... 121
In vitro incubation with CES1b and CES2 .............................................................. 121
Incubation of gemfibrozil with uridine glucuronosyltransferase (UGT) 2B7 ......... 122
UPLC-MS/MS based on CAD................................................................................. 122
High resolution MS/MS CAD experiment .............................................................. 124
Results and Discussion ................................................................................................... 124
18

O-Exchange study ................................................................................................. 124

Two incubation cycles increase labeling efficiency ................................................ 132
Generation of 18O-labeled gemfibrozil acyl glucuronide as internal standard for
quantitation .............................................................................................................. 133
Direct labeling of acyl glucuronides upon incubation with CES enzymes ............. 134

11
Conclusions ..................................................................................................................... 135
References ....................................................................................................................... 135
EXPERIMENTAL STUDY OF THE MECHANISMS OF CELLULOSE FAST
PYROLYSIS USING SELECTIVELY ISOTOPE-LABELED MODEL COMPOUNDS........ 138
Introduction ..................................................................................................................... 138
Overview.................................................................................................................. 138
Depolymerization via dissociation of the glycosidic linkage .................................. 138
Depolymerization via fragmentation of the glucose units ....................................... 140
Limitation of CG/MS approach and the importance of this study........................... 141
Experimental Section ...................................................................................................... 142
Chemicals ................................................................................................................ 142
Fast pyrolysis tandem mass spectrometry (Py-MS/MS) setup ................................ 143
Results and Discussion ................................................................................................... 144
Choice of model compounds ................................................................................... 144
Reducing-end unraveling ......................................................................................... 145
HAGBC mechanism ................................................................................................ 148
Maccoll elimination ................................................................................................. 153
Fast pyrolysis of various reaction intermediates ..................................................... 159
A general reaction network for fast pyrolysis of cellulose ...................................... 165
Conclusions ..................................................................................................................... 167
References ....................................................................................................................... 168
A MASS SPECTROMETRIC STUDY ON THE GAS-PHASE REACTIVITIES
OF VINYL CATIONS ................................................................................................................ 171
Introduction ..................................................................................................................... 171
Experimental ................................................................................................................... 173
Chemicals and precursor synthesis .......................................................................... 173

12
Mass spectrometry experiments .............................................................................. 173
Quantum chemical calculations ............................................................................... 174
Results and Discussion ................................................................................................... 174
Design and fragmentation of vinyl cation precursors .............................................. 174
Rearrangement of cyclopropenyl vinyl cations ....................................................... 180
Gas-phase reactivity of vinyl cations ....................................................................... 181
Singlet-triplet splitting ............................................................................................. 189
Conclusions ..................................................................................................................... 190
References ....................................................................................................................... 190
PUBLICATIONS ........................................................................................................................ 195

13

LIST OF TABLES

Table 3.1. X-ray crystallography data for P4 ................................................................................ 93
Table 4.1. Primary and secondary product ions formed upon reactions of deprotonated N- and Oglucuronides, as well as deprotonated glucuronic acid, with HSiCl3. Product
branching ratios are reported for primary products only. Data collected by Zaikuan
Josh Yu...................................................................................................................... 102
Table 7.1. The efficiencies and product branching ratios for the reactions of vinyl cations with
different reagents. Reactivities were measured by Zaikuan Josh Yu, and calculations
were performed by Erlu Feng. Abbreviations: add. = addition, abs. = abstraction, NR
= no reaction. Singlet-triplet energy gaps (ΔEST, kcal/mol) were calculated at the
UB3LYP/cc-pVTZ level of theory. Negative ΔEST values indicate singlet ground
states. ......................................................................................................................... 183

14

LIST OF FIGURES

Figure 2.1. A Schematic of the electrospray ion source. .............................................................. 31
Figure 2.2. One possible electrospray ionization mechanism (positive mode shown as an
example). ................................................................................................................... 33
Figure 2.3. Schematic showing the APCI ion source operating in positive mode. “M” stands for
neutral analytes. ......................................................................................................... 34
Figure 2.4. Side view of a LQIT mass spectrometer showing the different vacuum regions. ...... 37
Figure 2.5. Schematic showing all components of an LQIT mass spectrometer and the operating
DC voltages of the ion optics in positive mode......................................................... 39
Figure 2.6. Schematic of the ion trap analyzer. ............................................................................ 40
Figure 2.7. (A) End and (B) side views of the hyperbolic quadrupole rods of the ion trap. ........ 41
Figure 2.8. The relevant part of the Mathieu stability diagram. The colored circles represent ions
with different m/z-values........................................................................................... 43
Figure 2.9. Side view of the linear quadrupole ion trap. Dashed lines represent the DC voltages
applied to the front, center, and back sections along the z-axis. ............................... 45
Figure 2.10. Ion ejection from the linear quadrupole ion trap into the conversion dynode . ........ 47
Figure 2.11. A Schematic of the ion detection system. ................................................................ 48
Figure 2.12. Ion isolation in the linear quadrupole ion trap using a tailored RF waveform. The
purple dots represent ions scanned out for detection. The red dot represents the only
ion that is not ejected as a tailored isolation waveform is applied. ........................... 50
Figure 2.13. Kinetic excitation of anion by increasing the q value during CAD. The cyan dots
represent the excited ions green dots represent the ions that can be observed, and red
dots represent ions that cannot be observed due to unstable trajectories. The greater
the q value, the more kinetic energy the activated ion gains. The low mass cut off
refers to the fraction of the fragment ions that are not observed at the corresponding
q value. ...................................................................................................................... 52
Figure 2.14. The DC voltages applied to the ion optics region to induce ion source fragmentation.
The solid line represents the voltages used for conventional full MS experiments,
while the dashed lines represents the voltages used for ion source CAD experiments.
................................................................................................................................... 53
Figure 2.15. A side view of the orbitrap mass analyzer................................................................ 55

15
Figure 2.16. A schematic of a hybrid LQIT-orbitrap mass spectrometer. .................................... 56
Figure 2.17. A general diagram of a triple quadrupole mass spectrometer. ................................. 57
Figure 2.18. A triple quadrupole mass spectrometer operated in four different scan modes: A)
fragment ion scan, B) precursor ion scan, C) neutral loss scan, and D) selected
reaction monitoring. .................................................................................................. 58
Figure 2.19. The Brauman double-well potential energy surface for gas-phase ion/molecule
reactions. Energy level spacings indicate the relative tightness of the transition state
compared to the separated reactants. ......................................................................... 60
Figure 3.1. The crystal structure of P4. ......................................................................................... 94
Figure 4.1. Transfer of glucuronic acid from UDPGA to darunavir catalyzed by UGT in phase II
metabolism. ............................................................................................................... 96
Figure 4.2. ESI(-) CAD mass spectra of deprotonated carvedilol N- and O-glucuronide at
collision energies of 20 and 22 (arbitrary unit), respectively. Spectra collected by
Zaikuan Josh Yu. ....................................................................................................... 98
Figure 4.3. Mass spectra measured for deprotonated carvedilol O- and N-glucuronides after 30
ms reaction with HSiCl3. ........................................................................................ 105
Figure 4.4. Semilogarithmic plot of the relative abundances of the reactant ions (a deprotonated
glucuronide) and its product ions formed upon reactions with HSiCl3 as a function of
time. Data collected by Zaikuan Josh Yu. ............................................................... 105
Figure 4.5. Calculated free energy surfaces for the formation of [M – H + HSiCl3 – HCl]- upon
reactions of HSiCl3 with deprotonated N- (blue) and O-glucuronides (red), as well as
deprotonated glucuronic acid (black). Calculations performed by Dr. Mckay Easton.
................................................................................................................................. 107
Figure 4.6. Calculated free energy surfaces for the formation of diagnostic [M – H + HSiCl3 –
2HCl]- from the reactions of HSiCl3 with deprotonated secondary N-glucuronide
(blue) and glucuronic acid (black). Calculations were performed by Dr. Mckay
Easton. ..................................................................................................................... 109
Figure 4.7. Calculated free energy surfaces for the formation of [M – H + HSiCl3 – 2HCl]- from
the reactions of HSiCl3 with deprotonated tertiary N-glucuronide (black) and
deprotonated methyl O-glucuronide (red). Calculations were performed by Dr.
Mckay Easton. ......................................................................................................... 111
Figure 4.8. Base-dopant assisted deprotonation of a cationic quaternary N-glucuronide generates
a negative ion that does not produce the diagnostic [M – H + HSiCl3 – 2HCl]- upon
reactions with HSiCl3 due to its inability to undergo ring opening. ........................ 112

16
Figure 4.9. HPLC/MS/MS selected ion (m/z 193, 326, 423, 581, 722) chromatogram of a mixture
of glucuronide model compounds. HPLC gradient was programmed at a flow rate 4
mL/min from 5% to 80% of solvent B in 40 min. The eluted glucuronides were
subsequently ionized by ESI in negative mode, isolated in the ion trap and allowed
to react with HSiCl3 for 30 ms. The analyte ions that formed only [M – H + HSiCl3 –
HCl]- are color-coded red whereas ions that formed [M – H + HSiCl3 – 2HCl]- are
color-coded blue. ..................................................................................................... 114
Figure 5.1. Proposed mechanism for oxygen exchange of carboxylic acid under acidic condition.
................................................................................................................................. 120
Figure 5.2. Percentages of the unlabeled, singly-labeled, and doubly-labeled analytes at different
reaction times for A) diclofenac, B) gemfibrozil, C) indomethacin, D) mycophenolic
acid, E) piperacillin, and F) clopidogrel carboxylic acid. CES1 incubations are at the
top and CES2 at the bottom. Semilogarithmic plots are only represented for reactions
that showed first-order kinetics in the first three to four time points. Data collected
by Zaikuan Josh Yu. ................................................................................................ 127
Figure 5.3. High-resolution mass spectrum of (A) ionized singly-labeled piperacillin, (B) CAD
mass spectrum of ionized singly-labeled piperacillin with m/z 520.1749, and (C)
CAD mass spectrum of the N-ethylpiperazine-2,3-dionium ion with m/z 145. The
labeling site was determined to be one of the two lactam oxygens, but their
differentiation failed due to formation of the symmetrical fragment ion of m/z
117.0544. Data collected by Zaikuan Josh Yu. ....................................................... 129
Figure 5.4. Both singly- and doubly-labeled clopidogrel carboxylic acids were formed upon CES
catalyzed hydrolysis of clopidogrel. ........................................................................ 131
Figure 5.5. Proposed mechanism for the incorporation of two 18O-isotopes upon hydrolysis of
clopidogrel. .............................................................................................................. 132
Figure 5.6. The LC-MS/MS CAD chromatogram measured for in situ biosynthesized 18O-labeled
gemfibrozil acyl glucuronide obtained from the UGT catalyzed biotransformation of
18
O-labeled gemfibrozil. The inset is the LC-MS/MS chromatogram of the starting
material 18O-labeled gemfibrozil. *Unknown impurity in the instrument confirmed
by a blank LC-MS/MS run. Data collected by Zaikuan Josh Yu. ........................... 133
Figure 6.1. Example mechanisms of a) Maccoll elimination via aglyconic cleavage that produces
glucose and anhydroglucose, b) hydroxymethylene-assisted glycosidic bond
cleavage (HAGBC) for cellobiose that produces levoglucosan and glucose, and c)
HAGBC for glucopyranosylglycolaldehyde (an unraveled intermediate) that
produces levoglucosan and glycolaldehyde. The barriers for the transition states (in
brackets) are given in free energies, calculated at a) M06-2X/6-31G+(d,p) level of
theory,21 and b) and c) at M06-2X/6-311G++(d,p) level of theory.1,17 ................... 140

17
Figure 6.2. The mechanism for reducing-end unraveling occurring on cellobiose. Free energy
changes are provided in parentheses and transition state free energies are provided in
brackets. Calculations were performed at M06-2X/6-311G++(d,p) level of theory.1
................................................................................................................................. 141
Figure 6.3. Model compounds studied here. Labeled compounds and cellobiosylglycolaldehyde
were synthesized by Zaikuan Josh Yu. ................................................................... 145
Figure 6.4. CAD MS/MS spectra of the NH4+ adduct of the authentic cellobiosylglycolaldehyde
with m/z 402 (top), and the NH4+ adduct of the proposed product with m/z 402
produced upon fast pyrolysis of cellotriose (bottom). The match of the two CAD
mass spectra confirms the proposed product to be cellobiosylglycolaldehyde. Mass
spectra measured by Zaikuan Josh Yu. ................................................................... 146
Figure 6.5. APCI mass spectra of ionized (via NH4+ attachment) fast pyrolysis products of a)
unlabeled cellotriose, and b) 13C-labeled cellotriose. Glycosidic linkages are
indicated using A and B. Abbreviations: cellobiosylglycolaldehyde (CBGA),
cellobiosan (CBN; anhydrocellobiose), glucopyranosylerythrose (GER),
glucopyranosylglycolaldehyde (GGA), glucose (GLC), and levoglucosan (LGN;
anhydroglucose). Data collected by Zaikuan Josh Yu. ........................................... 147
Figure 6.6. Proposed mechanistic pathways that lead to the formation of the major products
formed upon fast pyrolysis of 13C-labeled cellotriose. The reducing-end generation
via Maccoll elimination will be discussed in detail later. Glycosidic linkages are
denoted as A and B, with B closer to the reducing end. Dashed boxes indicate
products that were not observed. Abbreviations: cellotriose (CTS),
cellobiosylglycolaldehyde (CBGA), cellobiose (CBS),
glucopyranosylglycolaldehyde (GGA), glucose (GLC), and levoglucosan (LGN).
................................................................................................................................. 149
Figure 6.7. CAD mass spectra of the NH4+ adduct of the a) authentic cellobiosan, b) 13C-labeled
anhydrocellobiose produced from fast pyrolysis of 13C-labeled cellotriose, and c)
anhydrocellobiose produced from fast pyrolysis of cellobiose. Abbreviations:
cellobiose (CBS), cellotriose (CTS), and cellobiosan (CBN). ............................... 151
Figure 6.8. a) APCI mass spectra of ionized fast pyrolysis products (via NH4+ attachment) of
18
O-cellobiose. b) Expanded mass spectrum showing the 18O-labeled and unlabeled
cellobiosan isomers. c) Expanded mass spectrum showing intact 18O-labeled and
unlabeled cellobiose. The expanded region shown in b) and c) are also indicated with
blue dashed boxes in a). d) HAGBC occurring at the reducing end of the 18Ocellobiose would result in loss of the 18O-label. ...................................................... 153
Figure 6.9. a) ESI(+) mass spectrum of ionized 13C- and 18O-doubly-labeled cellobiose (M +
Na+). APCI mass spectra of ionized (via NH4+ attachment) products upon fast
pyrolysis of b) unlabeled cellobiose and c) 13C- and 18O-doubly-labeled cellobiose.
Abbreviations: cellobiose (CBS), glucopyranosylerythrose (GER),
glucopyranosylglycolaldehyde (GGA), and glucose (GLC). ................................. 156

18
Figure 6.10. a) Hydrolysis has been proved to not occur in fast pyrolysis of cellobiose. b-d)
Reactions that explain for the formation of unlabeled, 13C-labeled, and 13C- and 18Odoubly-labeled levoglucosan/isomers (NH4+ adduct with m/z180, 181, and 183).
Structures in brackets represent one possible isomer. Dashed boxes indicate products
that were not observed. Abbreviations: cellobiose (CBS),
glucopyranosylglycolaldehyde (GGA), cellobiosan (CBN), and glucose (GLC), and
levoglucosan (LGN). ............................................................................................... 157
Figure 6.11. Proposed mechanisms that explain the formation of unlabeled levoglucosan from
pyrolysis of the 13C-labeled cellotriose. Structures in brackets represent one possible
levoglucosan isomer. Dashed box indicate product that is not observed.
Abbreviations: cellotriose (CTS), cellobiose (CBS), glucose (GLC), levoglucosan
isomers (LGNi), cellobiosan isomers (CBNi). ........................................................ 159
Figure 6.12. APCI mass spectra of ionized (via NH4+ attachment) fast pyrolysis products of a)
cellobiose, b) cellobiosan, and c) cellobiosylglycolaldehyde. Abbreviations:
cellobiose (CBS), cellobiosan (CBN), cellobiosylglycolaldehyde (CBGA), glucose
(GLC), glucopyranosylglycolaldehyde (GGA), and glucopyranosylerythrose
(GER). ..................................................................................................................... 161
Figure 6.13. Fast pyrolysis of cellobiosan produces levoglucosan, not isomer. CAD mass
spectrum of deprotonated ([M-H]-) a) authentic levoglucosan, and b) levoglucosan
that is produced from fast pyrolysis of cellobiosan ................................................. 162
Figure 6.14. Fast pyrolysis of cellotetraosan produces cellotriosan. CAD mass spectra of a)
authentic cellotriosan, and b) cellotriosan produced from fast pyrolysis of
cellotetraosan. .......................................................................................................... 163
Figure 6.15. APCI mass spectrum of ionized (via NH4+ attachment) products produced from fast
pyrolysis of cellotetraosan. No reducing carbohydrates were observed. ................ 163
Figure 6.16. APCI mass spectrum of ionized (via NH4+ attachment) fast pyrolysis products of an
aqueous solution of cellobiosan. No reducing carbohydrates were observed. ........ 164
Figure 6.17. Fast pyrolysis of cellobiosylglycolaldehyde produces cellobiosan. CAD mass
spectra of ionized (via NH4+ attachment) a) authentic cellobiosan, and b) cellobiosan
produced form fast pyrolysis of cellobiosylglycolaldehyde. ................................... 165
Figure 6.18. Proposed reaction network for fast pyrolysis of cellulose...................................... 167
Figure 7.1. Generic structures of the vinyl cations studied here. ................................................ 172
Figure 7.2. (A) The ESI (+) mass spectrum of ionized Meldrum’s acid precursor, (B) MS2 CAD
mass spectrum of the fragment ion of m/z 303, and C) MS3 CAD mass spectrum of
the fragment ion of m/z 259. The protonated Meldrum’s acid precursor (m/z 361;
structure shown in dashed box) was not observed in part A. The Meldrum’s acid
precursor P5 was arbitrarily chosen as an example for the Meldrum’s acid

19
derivatives P2-P6. m/z-Values color-coded red indicate the ions of interest. Data
collected by Zaikuan Josh Yu. ................................................................................ 180
Figure 7.3. Rearrangement of cyclopropenyl vinyl cation through ring opening. Calculated at the
M06-2X/cc-pVTZ level of theory. Calculations performed by Jacob Milton. ....... 181
Figure 7.4. Calculated enthalpy changes (kcal/mol) for oxygen atom abstraction by vinyl cation
Re3 from oxirane. Calculations were performed at the M06-2X/6-311++G(d,p) level
of theory. Calculations performed by Erlu Feng. .................................................... 188

20

LIST OF SCHEMES

Scheme 3.1. The synthesis of β-ᴅ-xylopyranosylglyceraldehyde (XGRA). ................................ 71
Scheme 3.2. The synthesis of 13C-labeled cellotriose (T10). ....................................................... 76
Scheme 3.3. The synthesis of cellobiosylglycoaldehyde (CBGA)............................................... 82
Scheme 3.4. The synthesis of 13C- and 18O-doubly-labeled cellobiose (G9). .............................. 85
Scheme 3.5. The synthesis of reducing-end 18O-labeled cellobiose. ............................................ 89
Scheme 3.6. The synthesis of methylenecyclopropenyl cation precursors. .................................. 90
Scheme 7.1. Meldrum’s acid derivatives as the precursors for β-substituted vinyl cations ....... 176
Scheme 7.2. A) Rearrangement of an initially formed β-substituted primary vinyl cation to αsubstituted secondary vinyl cation via hydride/alkyl shift. B) Rearrangement of
cyclopropenyl vinyl cation (a primary vinyl cation) to cyclobutadienyl vinyl cation
(a cyclic secondary vinyl cation) via alkyl shift. Calculated at the UCCSD(T)/ccpVTZ level of theory. ........................................................................................... 177
Scheme 7.3. Cyclopropenylidene derivatives of Meldrum’s acid were proposed as the precursors
for the formation of cyclopropenyl vinyl cations, a proposed long-lived βsubstituted primary vinyl cations. ........................................................................ 178
Scheme 7.4. Proposed A) ionization and B) mechanisms of CAD of Meldrum’s acid derivatives
that generate β-substituted vinyl cations. Enthalpies (in brackets; kcal/mol) were
calculated at the M06-2X/cc-pVTZ level of theory. Calculations performed by Erlu
Feng. ..................................................................................................................... 179
Scheme 7.5. Addition of vinyl cations to acetonitrile to acetonitrile can lead to the formation of
two possible isomers: nitrile ylide (top) and 2H-azirine (bottom). ...................... 186
Scheme 7.6. A) Distonic carbene resonance structure that explains the chalcogen abstraction by
vinyl cation Re3 from oxiranes and thiiranes. Distonic carbene resonance
structures of B) Re2 and C) Re4. ......................................................................... 189

21

ABSTRACT

Author: Yu, Zaikuan, J. PhD
Institution: Purdue University
Degree Received: August 2019
Title: Development of Mass Spectrometric Analysis for Drug Metabolite Identification and
Quantitation, Delineating Cellulose Fast Pyrolysis Mechanisms, and Studying Gas-phase
Reactivity of Vinyl Cations
Committee Chair: Hilkka I. Kenttämaa

Mass spectrometry (MS) has become one of the most powerful and versatile tools for chemical
analysis due to its ultra-high sensitivity, high throughput, ease of automation, and the large amount
of information obtained. Nowadays, MS is extensively used in many tasks, such as identification
and quantitation of drug metabolites, analysis of the products of biomass pyrolysis, and study of
reactive intermediates, to name a few. However, these mass spectrometric analyses are not without
challenges. For example, the requirement for quantifying trace amounts of substances in a complex
mixture constantly pushes the detection limit of mass spectrometers, and the increased sample
complexity demands higher and higher mass resolution. Therefore, MS is constantly evolving to
address more difficult analytical challenges. A variety of MS techniques have been developed over
the years, including soft ionization methods that facilitate

mass spectrometric analysis of

macromolecules, such as proteins and antibodies that enables the development of new therapeutic
agents, benchtop high-resolution mass spectrometers, such as the orbitraps that can be used to
analyze some of the most complex mixtures, and portable mass spectrometers which can be used
in the home and garden and even in cancer surgery. Besides its applications in chemical analysis,
MS can serve as a unique tool for the fundamental study of gas-phase ion/molecule reactions, these
gas-phase reactions can be used to better understand the reactivities of many reactive intermediates
and to obtain structural information for unknown analytes.
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This thesis is aimed at addressing challenges involved in mass spectrometric analyses of
isomeric drug metabolites (Chapter 4), quantitation of drug metabolites by using tandem mass
spectrometry coupled with liquid chromatography (LC-MS/MS) (Chapter 5), delineating cellulose
depolymerization mechanisms upon fast pyrolysis by using pyrolysis-tandem mass spectrometry
(py-MS/MS) (Chapter 6), and studying the reactivities of vinyl cation intermediates (Chapter 7).
An overview of the dissertation research is given in Chapter 1, the instrumentation and principles
of linear quadrupole ion trap (LQIT) mass spectrometer are discussed in Chapter 2, and the organic
synthesis performed for several studies is detailed in Chapter 3.
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INTRODUCTION AND THESIS OVERVIEW

Introduction
A little more than a century ago, the first proof-of-concept experiment performed by Sir J. J.
Thomson brought the dawn of mass spectrometry (MS).1,2 Ever since then, MS has constantly
evolved to become one of the most invaluable tools for chemical analysis. Owing to the
development of MS techniques, the chemical structures of complex natural products have been
determined,3 many toxic drug metabolites have been identified,4 and the genomic and proteomic
maps of humans and other organisms have been revealed.5–7 Due to the versatility and robustness
of MS, tandem MS coupled with chromatography techniques, such as LC-MS and GC-MS, has
become the gold standard for the identification of unknown compounds and the quantification of
known compounds in mixtures.8,9 The significance of MS in analytical science cannot be
overstated, and its rapid development is evidenced by many emerging new techniques..
Despite evolving new MS techniques, the fundamental principles have remained the same:
manipulation of ions based on their mass to charge ratio (m/z) by using an electromagnetic field.
Since MS is inherently blind to neutral species, the analytes must be ionized to be subsequently
manipulated by MS. Once the ions have been generated, they are separated based on their m/zvalues, which can be achieved by using a quadrupole field (e.g., linear quadrupole ion trap, triple
quadrupole),10 flight time (e.g., time-of-flight),11 or frequency of ion motion (e.g., orbitrap, Fourier
transform ion cyclotron resonance),12,13 etc. The relative abundances of the ions are shown as a
function of their m/z-values in a mass spectrum. If the mass measurement is performed at high
resolution, the elemental compositions of the ions (and hence accurate MW of the analytes they
were derived from) can be determined.
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Besides MW information, structural information can be obtained for the analytes by using
tandem MS techniques, which involve the transformation or fragmentation of selected ions into
product ions. Typical reactions (transformation, fragmentation, etc.) used in tandem MS include
collision-activated dissociation (CAD),14 photodissociation,15 and ion/molecule reactions,16–18 to
name a few.
In addition to structural identification, MS is commonly used for quantitative analysis due
to its high sensitivity and specificity. For example, quantitation of drug metabolites is often
performed using LC-MS/MS to provide the pharmacokinetic profile of the drug compounds.8,9
However, since chemicals with different structures have inherently different ionization efficiencies,
the number of ions generated from different chemicals can vary greatly. 19 Therefore, chemical
standards are often used to establish the relationship between the analyte concentration and the
MS signal.20

Thesis Overview
This thesis is divided into seven chapters: Chapter 1 provides an overview of the dissertation
research; Chapter 2 describes the instrumentation and principles of linear quadrupole ion trap mass
spectrometry; Chapter 3 focuses on the organic synthesis of model compounds used in several
research projects; Chapter 4 delineates the development of a method for the identification of drug
metabolites by using functional group-selective ion/molecule reactions, in collaboration with
Merck Analytical Research and Development; Chapter 5 presents an in situ 18O-labeling method
for LC-MS/MS based quantification of drug metabolites, in collaboration with Merck
Pharmacokinetics Pharmacodynamics and Drug Metabolism; Chapter 6 describes a mechanistic
study of cellulose fast pyrolysis by using isotope-labeled model compounds and a pyrolysistandem MS, in collaboration with Purdue Chemical Engineering; and Chapter 7 presents a
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fundamental study of the gas-phase reactivity of vinyl cations based on ion/molecule reactions and
quantum chemical calculations. Research papers based on Chapters 4 – 6 have been published in
peer-reviewed journals. A manuscript based on Chapter 7 is being finalized for publication.

References
(1)

Mcluckey, S. A.; Wells, J. M. Mass Analysis at the Advent of the 21st Century. Chem.
Rev. 2001, 101 (2), 571–606.

(2)

de Hoffmann, E.; Stroobant, V. Mass Spectrometry Principles and Applications; John
Wiley & Sons, Ltd.: West Sussex, 2007.

(3)

Li, J. W.-H.; Vederas, J. C. Drug Discovery and Natural Products: End of an Era or an
Endless Frontier? Science 2009, 325 (5937), 161–165.

(4)

Zhu, M.; Ma, L.; Zhang, H.; Humphreys, W. G. Detection and Structural
Characterization of Glutathione-Trapped Reactive Metabolites Using Liquid
Chromatography- High-Resolution Mass Spectrometry and Mass Defect Filtering. Anal.
Chem. 2007, 79 (21), 8333–8341.

(5)

Colinge, J.; Masselot, A.; Carbonell, P.; Appel, R. D. InSilicoSpectro: An Open-Source
Proteomics Library. J. Proteome Res. 2006, 5 (3), 619–624.

(6)

Von Reuss, S. H.; Bose, N.; Srinivasan, J.; Yim, J. J.; Judkins, J. C.; Sternberg, P. W.;
Schroeder, F. C. Comparative Metabolomics Reveals Biogenesis of Ascarosides, a
Modular Library of Small-Molecule Signals in C. Elegans. J. Am. Chem. Soc. 2012, 134
(3), 1817–1824.

(7)

Kronewitter, S. R.; An, H. J.; De Leoz, M. L.; Lebrilla, C. B.; Miyamoto, S.; Leiserowitz,
G. S. The Development of Retrosynthetic Glycan Libraries to Profile and Classify the
Human Serum N-Linked Glycome. Proteomics 2009, 9 (11), 2986–2994.

(8)

Chen, W.-D.; Liang, Y.; Li, H.; Xiong, Y.; Liu, X.-D.; Wang, G.-J.; Xie, L. Simple,
Sensitive and Rapid LC–ESI–MS Method for the Quantitation of Lafutidine in Human
Plasma—Application to Pharmacokinetic Studies. J. Pharm. Biomed. Anal. 2006, 41 (1),
256–260.

(9)

Ouyang, Y.; Li, H.; Tang, H.; Jin, Y.; Li, G. A Reliable and Sensitive LCMS-IT-TOF
Method Coupled with Accelerated Solvent Extraction for the Identification and
Quantitation of Six Typical Heterocyclic Aromatic Amines in Cooked Meat Products.
Anal. Methods 2015, 7 (21), 9274–9280.

(10)

Dawson, P. H. Quadrupole Mass Spectrometry and Its Applications; New York, NY;
Elsevier, 2013.

26
(11)

Wiley, W.; McLaren, I. H. Time-of-Flight Mass Spectrometer with Improved Resolution.
Rev. Sci. Instrum. 1955, 26 (12), 1150–1157.

(12)

Marshall, A. G.; Hendrickson, C. L.; Jackson, G. S. Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry: A Primer. Mass Spectrom. Rev. 1998, 17 (1), 1–35.

(13)

Comisarow, M. B.; Marshall, A. G. The Early Development of Fourier Transform Ion
Cyclotron Resonance (FT-ICR) Spectroscopy. J. Mass Spectrom. 1996, 31 (6), 581–585.

(14)

McLuckey, S. A. Principles of Collisional Activation in Analytical Mass Spectrometry. J.
Am. Soc. Mass Spectrom. 1992, 3 (6), 599–614.

(15)

Brodbelt, J. S. Photodissociation Mass Spectrometry: New Tools for Characterization of
Biological Molecules. Chem. Soc. Rev. 2014, 43 (8), 2757–2783.

(16)

Brodbelt, J. S. Analytical Applications of Ion-Molecule Reactions. Mass Spectrom. Rev.
1997, 16 (2), 91–110.

(17)

Green, M. K.; Lebrilla, C. B. Ion-Molecule Reactions as Probes of Gas-Phase Structures
of Peptides and Proteins. Mass Spectrom. Rev. 1997, 16 (2), 53–71.

(18)

Gronert, S. Mass Spectrometric Studies of Organic Ion/Molecule Reactions. Chem. Rev.
2001, 101 (2), 329–360.

(19)

Hatsis, P.; Waters, N. J.; Argikar, U. A. Implications for Metabolite Quantification by
Mass Spectrometry in the Absence of Authentic Standards. Drug Metab. Dispos. 2017,
45 (5), 492–496.

(20)

Arrivault, S.; Guenther, M.; Fry, S. C.; Fuenfgeld, M. M. F. F.; Veyel, D.; MettlerAltmann, T.; Stitt, M.; Lunn, J. E. Synthesis and Use of Stable-Isotope-Labeled Internal
Standards for Quantification of Phosphorylated Metabolites by LC–MS/MS. Anal. Chem.
2015, 87 (13), 6896–6904.

27

INSTRUMENTATION AND PRINCIPLES OF LINEAR
QUADRUPOLE ION TRAP MASS SPECTROMETER

Introduction
It has been a little over a century since the first mass spectrometry experiment was performed
by Sir J. J. Thompson; since then mass spectrometers have become indispensable analytical
instruments in many fields requiring chemical analysis.1,2 In its original state, it was used only for
analyzing volatile compounds because of the inherent limitations of needing vacuum for ionization
and analysis. With the development of more advanced ionization methods and tandem MS
techniques, modern mass spectrometry has been extended to biological macromolecules, including
proteins, polysaccharides and lipids. The information obtained from mass spectrometric analysis
has also expanded exponentially, from simple elemental composition measurements to
determining complex chemical structures,3–7 quantifying trace metabolites in complex mixtures,8–
11

and building comprehensive MS libraries for omics research.12–14 The constant emergence of

new techniques provides vivid evidence for the dynamic development of the field of mass
spectrometry.
Although many new instruments have evolved over the past several decades, a mass
spectrometry experiment nevertheless follows three major steps: 1) ionization of analytes and their
evaporation, 2) separation of the ions by manipulation using electromagnetic fields, and 3) ion
detection. Depending on the ionization method, different types of ions can be generated, including
radical cations,15 protonated analytes,16 deprotonated analytes,5,17 sodiated analytes,18 ammoniated
analytes,19 etc. With different types of mass analyzers, many mass spectrometry experiments can
be carried out, including full MS analysis, selective ion monitoring, multiple reaction monitoring,
multiple-stage mass spectrometry (MSn), and others. More recently, the development of ion
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mobility mass spectrometry allows for the differentiation of isomeric ions based on their threedimensional structures.20 Therefore, mass spectrometry is one of the most versatile techniques
among all modern analytical techniques.
Each different type of mass spectrometers has advantages and limitations. For example,
ultra-high-resolution Fourier transform ion cyclotron resonance (FTICR) mass spectrometers
provide unsurpassed mass accuracy and resolution, making them especially suited for complex
mixture analysis in fields such as petroleomics.21 On the other hand, while bench-top triple
quadrupole mass spectrometers have much lower resolution, they have high scan rates and a wide
dynamic range, making them ideal for high-throughput analysis.22 Since there is no such a thing
as an “all-purpose” mass spectrometer, a careful selection of the type of the mass spectrometer for
each different analysis problem is recommended for optimal results. This chapter covers the
instrumentation and principles of linear quadrupole ion trap mass spectrometry (LQIT), Orbitrap
mass spectrometry, and triple quadrupole mass spectrometry, with which most of this dissertation
research was performed.

Ion Generation
Mass spectrometers cannot manipulate neutral compounds and therefore analytes must first
be ionized to be analyzed. One of the earliest ionization techniques – electron ionization (EI) –
requires analytes be desorbed into the gas phase under high vacuum where the ionization then
occurs.15 This method deposits large amounts of internal energy into the initially generated ions
(radical cations), which tends to cause fragmentation. The fragmentation patterns are highly
reproducible and produce valuable structural information for the analytes. Therefore, large EIMS
libraries have been built to facilitate the identification of unknown compounds .23 However, due
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to the extensive fragmentation, the molecular ions for a given analyte may not be observed, which
means that the MW of the analyte cannot be determined.
A softer ionization technique – chemical ionization (CI) – was developed in order to provide
MW information for analytes that do not form stable molecular ions upon EI.24,25 CI involves
generating reagent ions, commonly protonated molecules, such as CH5+ (protonated methane).
These reagent ions ionize the analyte, most commonly by transferring a proton to the analyte to
produce protonated molecules. These protonated molecules are more stable than radical cations
generated by EI and they are generated with much lower internal energies, and therefore they
fragment less. Similar to EI, CI requires desorbing the analyte into the gas phase (under vacuum)
prior to ionization.
To extend ionization to non-volatile compounds that cannot be introduced into EI or CI ion
sources, Later, atmospheric pressure ionization was developed, which has ushered in a new era of
analysis of biomolecules such as polynucleotides, lipids, and proteins. Some popular atmospheric
pressure ionization techniques include electrospray ionization (ESI),26 atmospheric pressure
chemical ionization (APCI),27 atmospheric pressure photoionization (APPI),28 and matrix-assisted
laser desorption ionization (MALDI) (can be operated both under atmospheric pressure and
vacuum).29 Each of these ionization methods has advantages and disadvantages. For example, ESI
is well-suited for polar analytes but is inefficient at ionizing non-polar compounds;30,31 On the
other hand, APPI is selective at ionizing chromophore-containing analytes (e.g., aromatic
compounds) but unable to ionize other compounds without the use of a light-absorbing dopant.28
MALDI has risen in popularity due to its ability to relatively gently ionize large biomolecules,
such as antibodies and even intact microorganisms32 but it is incompatible with chromatographic
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separations; in comparison, EI and CI are well-suited for coupling with gas chromatography, and
ESI, APCI, and APPI are compatible with liquid chromatography.
. Other factors affecting ionization efficiencies include the presence or absence of
electrolytes, the choice of solvents, different matrices (e.g., plasma, urine, and bile samples), the
ionization mode (i.e., positive or negative ion mode), and MALDI matrices (for MALDI
experiments). Because of above issues, a careful selection of the ionization technique is one of the
most important steps in performing mass spectrometry experiments. For the research conducted in
this dissertation, ESI and APCI were employed as the ionization methods for the mass
spectrometry experiments due to the high polarity of the analytes of interest. The fundamental and
operational details of ESI and APCI are discussed in the following sections.
Electrospray Ionization (ESI)
Following the development of ESI by Fenn and coworkers in the 1980s,26 this Nobel Prizewinning ionization technique has revolutionized the analysis of macromolecules and other polar
analytes that were previously considered incompatible with mass spectrometry.33 The ionization
process of ESI occurs in micro droplets, which makes it especially amenable for coupling with
liquid chromatography. This attribute makes LC/ESI-MS analysis a common practice for
analyzing non-volatile complex mixtures. Furthermore, being a soft ionization method, oftentimes
only one type of ion is generated upon ESI for small molecules, which substantially reduces the
complexity of mixture analysis compared to EI. On the other hand, for macromolecules such as
proteins and antibodies, multiply-charged analytes are usually formed upon ESI.34 These multiplycharged molecules have m/z values that are fractions of the molecular weights of the analytes,
which allows the detection of large ionized macromolecules by instruments that have limited mass
ranges.34
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A schematic of an ESI source is shown in Figure 2.1. High voltage is applied to the metal
capillary tube to create a potential difference of 3-6 kV between the capillary and the sweep cone.
This generates an electric field in the 0.3-2.0 cm space in between the tip of the capillary tube and
the sweep cone. When solvent carrying the analyte passes through this metal capillary, charge is
accumulated at the liquid surface located at the end of the metal capillary. With the assistance of
nitrogen gas, a fine spray is generated that contains charged droplets. Nitrogen gas is supplied in
three different ways: 1) primary nitrogen gas flow, called sheath gas, is introduced close to the tip
of the metal capillary to assist in nebulizing the liquid sample into a fine mist; 2) secondary
nitrogen gas flow, called auxiliary gas, is introduced along the surface of the spray nozzle to further
stabilize and guide the direction of the spray; and 3) third nitrogen gas flow, called the sweep gas,
is introduced from the sweep cone to aid in adduct reduction and solvent declustering.35

3 to 6 kV

Auxiliary gas (N2)

Sweep gas (N2)

Metal capillary

Sheath gas (N2)
Spray plume

Figure 2.1. A Schematic of the electrospray ion source.

Sweep cone
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A possible mechanism for gaseous ion generation in positive mode ESI is shown in Figure
2.2. The initially generated large charged droplets start to break down and form smaller droplets
due to solvent evaporation caused by the nitrogen gas. The surface area-to-volume ratio increases
as the droplets shrink, which creates stronger Coulombic repulsions due to charged molecules
accumulating on the surface. When the size of the charged droplet reaches the Rayleigh instability
limit, Coulombic repulsions overcome the surface tension of the liquid,36 leading to the
deformation of small droplets and the production of smaller offspring droplets. These smaller
droplets then continue to shrink through evaporation. During this solvent evaporation process,
ionized solvent molecules transfer the charge (typically through transferring protons in positive
mode) to the analyte. Eventually, the small droplets encounter a heated capillary tube (100-250
o

C) and the solvent evaporates. The charged analytes then desorb into the gas phase and enter the

mass spectrometer.37 The commonly used solvents for ESI are water, methanol, and acetonitrile
due to the ability of the ionized solvent molecule to protonate (positive mode) or deprotonate
(negative mode) the analyte molecules. Sometimes chemical dopants are used to enhance the
efficiency of ionization. Some commonly used dopants include alkali metal ions (e.g., Li +, Na+,
and K+), ammonium ions (NH4+), and organic acids (e.g., formic acid and acetic acid). It should
be noted that the use of dopants can result in biased ionization, i.e., enhancing the formation of
one or several types of ions while suppressing the formation of other types of ions. However, the
presence of some chemicals can adversely affect the ionization in general.39 These undesired
compounds include trifluoroacetic acid, cationic ammonium salts, and surfactants, to name a few.
Therefore, liquid chromatography and solid phase extraction are often used to remove these
compounds to avoid their interference during the ionization process.38
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Figure 2.2. One possible40 electrospray ionization mechanism (positive mode shown as an
example).
Atmospheric Press Chemical Ionization (APCI)
APCI is generally thought to employ gas-phase ion/molecule reactions to charge analytes.41
As a relatively soft ionization method, APCI generally produces only one type of ion, usually
protonated analyte, and no or only few fragment ions. Multiply-charged analytes are rarely
produced upon APCI. A schematic diagram of an APCI source is shown in Figure 2.3.
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Figure 2.3. Schematic showing the APCI ion source operating in positive mode. “M” stands for
neutral analytes.
Unlike ESI, where ion desorption occurs after ionization, APCI first evaporates the solvent
molecules and analytes into the gas phase; subsequent ionization then occurs for these gaseous
species, generating gaseous ions.42,43 The following reaction sequence has been proposed42: a
solution containing the analyte(s) is introduced into the nebulizer, where a nitrogen flow induces
the formation of small droplets. These droplets then pass through a ceramic heater, called a
vaporizer, that can be heated up to 600 oC. At this point, solvent gradually evaporates, eventually
generating gas-phase analyte molecules. Once the analyte molecules enter the gas phase, they are
carried by the nitrogen gas and travel past a corona discharge needle. Ionization takes place in
close proximity to the corona discharge needle. Nitrogen molecular ions are first generated as
nitrogen is the most abundant molecule near the needle. They ionize water molecules to produce
water molecular ions. These ions react with water to create protonated water molecules, which
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then transfer a proton to the analytes, producing protonated analyte molecules. Although APCI has
been extensively covered in literature reviews, the mechanisms involved in the ionization process
remain highly debated.
Similar to other ionization methods, APCI has several advantages and disadvantages.
When compared to ESI, APCI is better at ionizing less polar, even nonpolar, compounds.
Furthermore, compared to the limited solvent options in ESI, a wider variety of organic solvents
can be used in APCI experiments, including CS2, tert-butyl chloride, cyclohexane, pentane, and
isooctane; each offers different advantages in ionizing certain types of analytes.31,44 On the other
hand, the analytes must be thermally stable as APCI involves heating; therefore, APCI is less suited
for macromolecule analysis compared to ESI. Recently, hybrid ionization techniques combining
both ESI and APCI have been developed, which allow a spontaneous switch from one to the
other.45
After the ions are generated in the ion source, they are transferred by using ion optics into
the mass analyzer. How the ions are transferred and later analyzed depends on the instrument used.
Therefore, the following section covers the instrumentation and principles governing the linear
quadrupole ion trap mass spectrometry – the technique used for the research described in this
dissertation.

Linear Quadrupole Ion Trap (LQIT) Mass Spectrometry
Introduced in 2002, the LQIT mass spectrometer is a 2-D upgrade to the earlier 3-D Paul
trap instruments.46,47 LQIT instruments have gained popularity due to their benchtop-size, high
sensitivity, great dynamic range, and their ability to perform multiple-stage tandem mass
spectrometry (MSn) experiments. When compared to their predecessor, the LQIT instruments have
increased ion trapping capacity, higher sensitivity, and a wider dynamic range. 2 Although the
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LQIT instruments only provide unit resolution, versatile ion ejection modes (radial and axial) make
these instruments ideal for combining with other mass analyzers to build hybrid mass
spectrometers that can be operated in both low-resolution and high-resolution modes, such as
LQIT-Orbitrap, LQIT-FT-ICR, and LQIT-TOF.
Overview
The LQIT experiments conducted for this dissertation were performed using a commercial
Thermo Finnigan LTQ linear quadrupole ion trap (LQIT) mass spectrometer coupled with a
Thermo Surveyor HPLC system. When chromatographic separation was not required, the samples
were introduced into the mass spectrometer by direct injection. When chromatographic separation
was needed (e.g., mixture analysis), an analytical column and mobile phases consisting of organic
and aqueous solutions were used to separate the sample via high-performance liquid
chromatography (HPLC) prior to mass spectrometry analysis. Ionization was performed using
either ESI or APCI.
Separation of ions based on their m/z values must be performed under vacuum because
collisions with gaseous atoms or molecules will change the trajectories of ions, resulting in signal
loss. Different mass spectrometers require different levels of vacuum; generally, higher-resolution
instruments require a higher vacuum. For example, an FT-ICR instrument often requires a high
vacuum of 10-9 torr in the analyzer to function properly. On the other hand, being low-resolution
mass spectrometers, the linear quadrupole ion traps are typically operated at only 10-5 torr. A
schematic for a typical LQIT mass spectrometer is shown in Figure 2.4. The instrument can be
divided into four main parts: the ion source, the API stack, the ion optics, and the ion trap. The
pressure is the highest in the ion source and the lowest in the ion trap. Specifically, ionization takes
place in the ion source at ambient pressure (760 torr). The capillary tube, located at the beginning
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of the API stack, serves as a vacuum baffle, and the pressure in this region is maintained at 1 torr
by two mechanical rough pumps (represented as “rough pump × 2” in Figure 2.4). There is a further
pressure gradient through the ion optics, ending at 1 x 10-5 torr in the ion trap region; the pressures
in these regions are maintained by a triple-inlet turbomolecular pump.

Ion source

Atmospheric
pressure region
(760 torr)

Ion optics

API stack

Capillary region
(1 torr)

Q00 RF
lens
region
(0.5 torr)

Q0 ion guide region
(1 x 10-3 torr)

Ion trap

Analyzer region
(1 x 10-5 torr)

Triple-inlet turbomolecular pump

Rough pump
X2

Figure 2.4. Side view of a LQIT mass spectrometer showing the different vacuum regions.
The detailed components of the API stack, ion optics, and mass analyzer, including the DC
potentials applied to them, are illustrated in Figure 2.5 (shown in positive mode as an example).
Specifically, after the ions are generated in the ion source at 4-6 kV, they enter the ion transfer
capillary where evaporation and desolvation occurs to generate gaseous ions. The tube lens then
guides the ions towards an off-center skimmer lens to prevent unionized species from entering the
ion optics. The ion optics consists of three multipole ion guides (Q00, Q0, and Q1) and four optical
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lenses (lens 0, lens 1, gate lens, and front lens), each having a DC voltage applied to it to manipulate
the flight path of the ions. A decreasing DC potential applied to later parts of the instrument
provides kinetic energy for the ions so that they move along the z axis (axial motion). The
movement of the ions is also restricted in the xy-plane via application of radio frequency (RF)
voltages on the multipole ion guides, which focus the ions into the center of the ion optics (radial
motion). Both ion axial motion and radial motion in quadrupole ion optics is discussed in detail
below.
After travelling through the optics, the ions are eventually injected into the linear
quadrupole ion trap for manipulation and mass analysis. However, if the trap contains too many
ions, space-charging can occur, which results in peak broadening and therefore decreased
resolution. On the other hand, if too few ions are introduced into the ion trap, poor signal will be
obtained. Therefore, the number of ions injected into the ion trap must be controlled. This is
performed by using the gate lens in front of multipole Q1 (Figure 2.5). When in ion injection mode,
the gate lens DC potential is set lower than the preceding multipole Q0 and lens 1 to allow the ions
to pass through the gate lens. Then a pre-scan is acquired to determine the injection time that is
required to obtain optimal signal. When the optimal number of ions are injected in the ion trap
(determined by the pre-scan), the gate lens voltage is increased (indicated by the red 100 V voltage
in Figure 2.5) to stop ion injection into the ion trap. This ion gating mechanism ensures that the
optimal number of ions are injected into the ion trap during each scanning event and that
representative ion packets are analyzed to avoid mass bias and to provide greater trapping
efficiency.
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Figure 2.5. Schematic showing all components of an LQIT mass spectrometer and the operating
DC voltages of the ion optics in positive mode.
Once the ions enter the ion trap, they are analyzed based on their mass-to-charge ratios.
The ion trap is a quadrupole with hyperbolic rods as shown in Figure 2.6. The ion trap is divided
into three sections, the front, center, and back section, each having DC and RF potentials applied
to them. The side rods in the center section contain slits, allowing ions to be ejected for detection.
Ion motions in the ion trap consist of radial motion in the xy-plane and axial motion along the zaxis. For ions to be trapped, both radial motion and axial motion must be restricted, which is
achieved by controlled RF and DC potentials. These motions can be described mathematically and
are discussed in detail in the following sections.
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Figure 2.6. Schematic of the ion trap analyzer.
Radial Ion Motion
The radial ion motion in the linear quadrupole ion trap is analogous to that of a quadrupole
ion guide. The ions enter the trap along the z-axis and are confined in the xy-plane to avoid getting
discharged upon contact with the rods. This confinement is achieved with a combination of RF
and DC potentials applied on the rods, which creates a quadrupolar RF-field. As shown in Figure
2.7, the combined electric potential on each rod is described as Φ0; opposite rods are applied with
the same potential (Φ0), while the other pair of rods have the same amplitude but inverted phase (Φ0). The combined electric potential (Φ0) on each rod can be described by the following equation:
𝛷0 = ±(𝑈 − 𝑉 cos 𝜔𝑡)

Equation 2.3.1

In this equation, U is the DC potential, V is the maximum amplitude of the RF potential,
and ω is the angular frequency of the oscillating RF field. Typically, the DC potential U varies
from 500 to 2000 volts, and the RF potential V varies from 0 to 3000 volts.2
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Figure 2.7. (A) End and (B) side views of the hyperbolic quadrupole rods of the ion trap.
The radial motion of the ions is determined by the total force in the xy-plane inside the
quadrupole ion trap. This force can be derived from the two forces along the x and y-axis, namely,
Fx and Fy, which are described by the following equations:47,48
𝑑2 𝑥

𝑑Φ

𝑑2 𝑦

𝑑Φ

𝐹𝑥 = 𝑚 𝑑𝑡 2 = −𝑧𝑒 𝑑𝑥

𝐹𝑦 = 𝑚 𝑑𝑡 2 = −𝑧𝑒 𝑑𝑦

Equation 2.3.2
Equation 2.3.3

In these equations, m is the mass of the ion, e is the elementary charge, and z is the number
of charges the ion carries. Φ is the total potential in the xy-plane at any given time and can be
represented as a function of Φ0 on each rod:47,48
Φ𝑥𝑦 =

Φ0 (𝑥 2 −𝑦 2 )
𝑟02

=

(𝑈−𝑉𝑐𝑜𝑠𝜔𝑡)(𝑥 2 −𝑦 2 )
𝑟02

Equation 2.3.4

Combining and rearranging the above equations gives the Paul equation, which describes
ion movement in the xy-plane:2,47,48
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𝑑2 𝑥
𝑑𝑡 2
𝑑2 𝑦
𝑑𝑡 2

2𝑧𝑒

+ 𝑚𝑟 2 (𝑈 − 𝑉𝑐𝑜𝑠𝜔𝑡)𝑥 = 0

Equation 2.3.5

0

2𝑧𝑒

+ 𝑚𝑟 2 (𝑈 − 𝑉𝑐𝑜𝑠𝜔𝑡)𝑦 = 0

Equation 2.3.6

0

For the ion trajectory to be stable, the position of the ion (represented by x and y
coordinates) should be within the radius of the quadrupole center, r0 (Figure 2.7); otherwise, the
ion will hit a rod and become discharged. The above equations can be transformed into the
following differential equation, which follows the same form as the Mathieu equation, developed
by the physicist Mathieu in 1866 to describe the propagation of waves in membranes:2,47,48
𝑑2 𝑢
𝑑𝜉 2

+ (𝑎𝑢 + 2𝑞𝑢 𝑐𝑜𝑠2𝜉)𝑢 = 0

Equation 2.3.7

where ξ is defined as:
𝜉=

𝜔𝑡

Equation 2.3.8

2

By replacing t2 with ξ2 in the Paul equation and incorporating the terms, the Mathieu
stability parameters a and q can be expressed by the following equations:2
8𝑧𝑒𝑈

𝑎𝑢 = 𝑎𝑥 = −𝑎𝑦 = 𝑚𝜔2 𝑟2

Equation 2.3.9

0

4𝑧𝑒𝑉

𝑞𝑢 = 𝑞𝑥 = −𝑞𝑦 = 𝑚𝜔2𝑟 2

Equation 2.3.10

0

Using au and qu as coordinates, a Mathieu stability diagram can be drawn to represent the
stable and unstable trajectories for ions with different m/z-values, as shown in Figure 2.8. A stable
ion trajectory requires the variables U and V to be in a range such that x and y do not become
greater or equal to r0; this is represented by a and q inside the overlapped region in Figure 2.8.
Specifically, when au is 0, the ion trajectory is stable if qu is between 0 and 0.908. Based on the
relationship between the mass-to-charge ratio (m/z) and the variable qu, the greater the m/z of the
ion, the smaller the qu. Therefore, ions with different m/z-values are distributed along the q axis
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from largest to smallest. When the RF amplitude increases such that the qu is greater than 0.908,
the ion trajectories become unstable and they are ejected in the xy-plane. When the RF amplitude
is increased, ions with lower m/z values are ejected first, followed by ions with greater m/z values,
and eventually all ions will be ejected from the LQIT.

Figure 2.8. The relevant part of the Mathieu stability diagram. The colored circles represent ions
with different m/z-values.
Besides being ejected when the q-values are greater than 0.908, ions can also be ejected
through resonant ejection. When ion oscillation is considered, the secular frequency (ωu) at which
the ion resonates can be described as:
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𝜔𝑢 =

𝛽𝑢 ω
2

Equation 2.3.11

In this equation, ω is the angular of the RF field applied to the quadrupole ion trap. The coefficient βu can be calculated based on the au and qu values of the Mathieu equation. However, the
exact solution of βu requires complex terms. For qu values that are smaller than 0.4, βu value can
be approximated as:2
𝛽𝑢 = √𝑎𝑢 +

𝑞𝑢 2
2

Equation 2.3.12

Since the βu value lies between 0 and 1, the resonant secular frequency (ωu) of a given ion
is smaller than half of the applied RF angular frequency (ω). This allows ions to be ejected at a
lower q value than the stability cutoff (q = 0.908). It is worth noting that the co-efficient βu is
inversely proportional to the mass-to-charge ratio of the ion, and therefore, ions with smaller m/zvalues require higher q values to oscillate at higher secular frequencies than ions with greater m/zvalues.
Axial Motion
While ion radial motion is dependent on both RF and DC potentials, ion axial motion is
controlled only by a DC potential. This potential confines the ion motion along the z-axis. This is
achieved by applying a higher voltage at the front and back sections than the center section of the
linear quadrupole ion trap, as shown in Figure 2.9. The voltage difference between the center and
the ends of the ion trap creates a DC potential well that traps the ions in the z-direction. However,
when a packet of ions is trapped at the bottom of the potential well inside the ion trap, the
electrostatic repulsion of like charges will push ions away from each other, creating a loose ion
packet, a phenomenon called space charging. This phenomenon causes peak broadening in the
mass spectrum and decreases mass resolution. Therefore, ultra-pure (99.999%) helium is often
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used as a dampening gas inside the ion trap because it reduces the kinetic energy of the ions without
inducing fragmentation. The reduced kinetic energy allows ions to form a tight ion packet and
therefore alleviates space charging.
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Figure 2.9. Side view of the linear quadrupole ion trap. Dashed lines represent the DC voltages
applied to the front, center, and back sections along the z-axis.

Ion Ejection for Detection
Based on the Mathieu stability diagram, when the a value is kept at 0, the trajectories of ions
become unstable if the q value reaches the stability limit of 0.908. Thus, the radial motion causes
ions to be ejected from the ion trap. Since ions with greater m/z-values require higher RF
amplitudes to reach the stability limit, all ions can be scanned out sequentially by ramping the RF
amplitude (V) to reach q = 0.908 for each ion in the order of their m/z-values. However, this
seemingly straightforward ion ejection is not often used in LQIT experiments due to several
drawbacks. One obvious drawback is that for ions with very large m/z values, the RF amplitude
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(V) required to reach the stability limit will exceed the capacity of the ion trap, causing arcing.
Therefore, ions with very large m/z values cannot be analyzed by LQIT instruments when being
ejected at the stability limit. Another drawback is a reduced mass resolution due to wide ion
ejection window (i.e., ions with closer m/z values are ejected at the same time). Fortunately, these
drawbacks can be mitigated by applying resonant ejection.
In order to increase the detection limit for ions with large m/z-values, the ions must be
ejected at a lower q value. This can be achieved by applying a supplemental RF voltage to the xrods of the ion trap that has the same frequency as the radial motion of ions of a given m/z.46 This
resonant excitation causes the trajectories of ions to become unstable without having to reach q =
0.908, thus increasing the m/z-value of the largest ion that can be ejected.49 The additional kinetic
energy gained from this resonant excitation can lead to ion fragmentation upon collisions with
helium dampening gas, which is referred to as collision-activated dissociation (CAD) and will be
discussed later.
Ion Detection
Once the ions exit through the slits on the x-rods, they are pulled towards one of the two
conversion dynodes, as shown in Figure 2.10. The concave conversion dynode is located at a right
angle to the ion beam being ejected from the ion trap slits. When an ejected ion strikes the metal
surface of the conversion dynodes, one or more secondary particles are produced at the surface of
the dynode. The concave shape of the conversion dynode focuses these secondary particles and
the voltage gradient between the dynode and electron multiplier accelerates them into the electron
multiplier for amplification.
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Figure 2.10. Ion ejection from the linear quadrupole ion trap into the conversion dynode.
The scheme of the electron multiplier, consisting of a cathode and an anode, is shown in
Figure 2.11. The funnel-shaped cathode generates electrons when hit by the secondary particles
produced by the conversion dynode. The ejected electrons are then attracted and accelerated
towards the cathode. This acceleration causes the electrons to repeatedly strike the inner walls of
the lead-oxide funnel-shaped resistor, expelling more electrons from the surface. When the cascade
of electrons eventually reaches the cathode, a measurable electric current is detected at the anode.
This measurable current is proportional to the number of ions ejected from the ion trap. Finally,
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combined with the RF amplitude ramp at which the ions were ejected and detected, the measured
current can be assigned to a certain m/z-value, producing a mass spectrum.
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Figure 2.11. A Schematic of the ion detection system.
Multi-Stage Tandem Mass Spectrometry
In the case of complex mixture analysis, the desirable ionization method generates only
one ion for each analyte and no fragment ions. This approach provides MW and elemental
composition information. However, for structural information, another MS step is needed to isolate
each ion and then subject them to diagnostic reactions; this is called tandem mass spectrometry.
A typical two-stage tandem mass spectrometry (MS/MS or MS2) experiment involves isolating
and fragmenting the analyte ion to produce fragment ions that are subsequently scanned out of the
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ion trap and detected to produce an MS2 spectrum. This MS2 experiment can be performed in two
ways. One can employ 1) tandem events (e.g., ion isolation, fragmentation, and fragment ion
analysis) that occur simultaneously in physically distinct devices, referred to as tandem in space,
or 2) tandem events that occur at different times in an ion storage device (e.g., ion trap), referred
to as tandem in time. Tandem-in-time experiments allow multi-stage mass spectrometry to produce
higher order MSn spectra. This is achieved by performing consecutive ion isolation and
fragmentation experiments on the fragment ions generated in a previous fragmentation. After n
iterations, the final fragment ions are then ejected and analyzed to produce an MS n spectrum.
Generally, examination of more consecutive fragmentations provides more structural information
for the isolated ions. Therefore, due to the ability to perform MSn experiments, LQIT instruments
are especially suited for structural elucidation. Numerous types of reactions can be performed
during tandem mass spectrometry experiments. These reactions include collision-activated
dissociation (CAD),50 ion/molecule reactions,3–7,17 photodissociation,51,52 electron-capture
dissociation (ECD),53 electron-transfer dissociation (ETD),54 and pulsed-Q dissociation (PQD),55
to name a few. The experiments performed for this dissertation utilized CAD and ion/molecule
reactions, which will be discussed in detail in the following sections.
2.3.6.1 Ion Isolation
The first step in a typical tandem mass spectrometry experiment is isolating the ion of
interest. After a packet of ions of different m/z-values is trapped in the LQIT, the ions can be
ejected by applying RF scan on the x-rods as discussed above. Each frequency corresponds to a
unique m/z-value. To keep the ion of interest in the ion trap while all others are ejected, a tailored
RF waveform can be used that is missing the secular frequency corresponding to the ion of interest
(notch).46 This tailored waveform ejects all ions but the ion of interest, as shown in Figure 2.12.
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The size of the notch in the isolation waveform is referred to as isolation window, which
determines the accuracy of the isolation (i.e., the narrower the isolation window, the more
accurately the ions with a certain m/z can be isolated). It should be mentioned that, due to the unitresolution nature of the LQIT, isobaric interference (i.e., ions with m/z-values different in
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Figure 2.12. Ion isolation in the linear quadrupole ion trap using a tailored RF waveform. The
purple dots represent ions scanned out for detection. The red dot represents the only ion that is
not ejected as a tailored isolation waveform is applied.
2.3.6.2 Collision-Activated Dissociation in the Linear Quadrupole Ion Trap
Once the ions of interest have been isolated in the linear quadrupole ion trap, they can be
activated and made to dissociate in several ways, which provides structural information of the
analytes. In the case of CAD experiments performed in the linear quadrupole ion trap, the ions are
kinetically excited by increasing their q value. These kinetically excited ions then collide with the
helium buffer gas present in the trap, and part of their kinetic energy is converted into their internal
energy. When the internal energy is high enough to overcome a fragmentation threshold, the ions
will undergo fragmentation.56,57
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It should be noted that one of the drawbacks to ion trap CAD experiments is that the q
value of the activated ion, limits how small fragment ions can be stored in the ion trap (Figure
2.13).58 For example, when the ion of interest is excited at a q value of 0.225, fragment ions with
m/z-values lower than one fourth of the m/z-value of the ion of interest will not be observed in the
mass spectrum. Although the use of a higher q value can result in a greater acceleration of the
isolated ions, it will also create a greater low-mass cutoff for the fragment ions. Ideally, an ion trap
CAD experiment should induce extensive fragmentation of the isolated ion while generating the
greatest number of observable fragment ions. Therefore, a careful consideration of the choice of
the q value is needed to obtain optimal ion trap CAD mass spectra.
Besides the q value, the nature of the target gas also has a substantial effect on the
fragmentation process. Generally, collisions of ions with heavier gases (e.g., nitrogen, argon and
xenon) result in substantially increased ion internal energies and thus cause more extensive
fragmentation.50 Other important factors include the ion activation time (i.e., the time allowed for
the collision event, ranging from 0.03 to 10000 ms), the nominal collision energy, and the number
of activating collisions (the higher the pressure, the more target gas present and thus more
collisions).
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Figure 2.13. Kinetic excitation of anion by increasing the q value during CAD. The cyan dots
represent the excited ions green dots represent the ions that can be observed, and red dots
represent ions that cannot be observed due to unstable trajectories. The greater the q value, the
more kinetic energy the activated ion gains. The low mass cut off refers to the fraction of the
fragment ions that are not observed at the corresponding q value.
2.3.6.3 Ion Source Fragmentation (ISCAD)
Another type of a CAD experiment is fragmentation induced to occur in the ion source
area. This involves application of a supplemental DC voltage to the overall potential gradient
across the ion path .59 As shown in Figure 2.14, this DC potential drop at multipole Q00 causes all
ions leaving the ion source to gain additional kinetic energy, resulting in more energetic collisions
with atmospheric atoms and molecules. Analogous to the ion trap CAD process discussed above,
these collisions convert part of the kinetic energy of the ions into their internal energy and
fragmentation occurs when the internal energy is sufficient to overcome a fragmentation threshold.
Since this fragmentation takes place before the ions enter the ion trap, it is sometimes referred to
as ion source CAD. As opposed to ion trap CAD, ion source CAD does not involve isolation of
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the ions before fragmentation. Employing ion source CAD can be advantageous when the
ionization method (e.g., ESI, APCI) produces ionic adducts and clusters that need to be broken up
before mass analysis. For example, carbohydrates are often best ionized as NH4+ adducts,19,60,61
and the break-up of these adducts by ion source CAD can lead to the formation of protonated
carbohydrates that may be useful in subsequent ion trap CAD mass spectrometry experiments or
ion/molecule reactions. Furthermore, ion source CAD does not have a low-mass cutoff for
fragment ions like ion trap CAD. Finally, multi-stage tandem mass spectrometry can benefit from
ion source CAD when sequential ion trap CAD results in loss of ion signal. In this case, the earlystage fragment ions are generated through ion source CAD, therefore reducing the number of ion
isolation and ion activation steps needed for ion trap CAD and increasing the signal intensity.
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Figure 2.14. The DC voltages applied to the ion optics region to induce ion source fragmentation.
The solid line represents the voltages used for conventional full MS experiments, while the
dashed lines represents the voltages used for ion source CAD experiments.
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High-Resolution Orbitrap Mass Analyzer
It was mentioned above that LQIT can only measure ion m/z-values at unit-resolution and
therefore elemental compositions cannot be obtained for the ions. This is due to the operating
mechanism of LQIT, which uses RF voltages and the q values of the ions, cannot achieve high
resolution. On the other hand, high-resolution mass spectrometry can be carried out by measuring
the frequency of ion motion, which is the operating mechanism for the orbitrap mass analyzer. The
concept of the orbitrap analyzer was proposed by Makarov in 2000 and the first commercial
instrument, manufactured by Thermo Fisher Scientific, became available in 2005.62 As shown in
Figure 2.15, the orbitrap analyzer consists of two electrodes, an outer barrel-shaped electrode and
a central spindle-shaped electrode.63 The external electrode is divided into two equal parts with a
small interval in between. Similar to other high-resolution instruments, the orbitrap analyzer is
operated under high vacuum (1 × 10-10 torr). The orbitrap analyzer is often coupled with a lowresolution mass analyzer, such as single quadrupole or LQIT (operated at 10-5 torr).64 This chapter
covers the LQIT-orbitrap instrument (commercial name Thermo Fisher Scientific LTQ Orbitrap
XL) that was utilized for this dissertation research.
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Figure 2.15. A side view of the orbitrap mass analyzer.
When an LQIT-Orbitrap instrument is operated in linear quadrupole ion trap mode, the
linear quadrupole ion trap mass analyzer is utilized as the mass analyzer and provides unitresolution mass spectra. When high-resolution mass spectrometry is performed, the ions are
transferred from the linear quadrupole ion trap into a curved C-trap and then into the orbitrap,
where the mass analysis occurs. The spindle-like central electrode has an applied electrostatic
potential of several kilovolts that has the opposite charge of the ions of interest, while the barrellike outer electrode is held at ground. Once the ions enter the orbitrap with the appropriate velocity,
they begin orbiting (radial motion in the xy-plane) and oscillating (axial motion on the z-axis)
along the central electrode. This oscillating frequency is directly related to the m/z value of the
ion.62,63 Since this oscillation frequency can be accurately measured, conversion of this frequency
to an m/z-value by Fourier transformation provides a high-resolution mass spectrum.
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Figure 2.16. A schematic of a hybrid LQIT-orbitrap mass spectrometer.
Triple Quadrupole Mass Analyzer
As opposed to tandem-in-time experiments performed using the linear quadrupole ion trap
mass spectrometer, triple quadrupole mass spectrometers perform tandem-in-space experiments
where different events occur simultaneously but in physically distinct places.2,50,65 As shown in
Figure 2.17, a typical triple quadrupole mass spectrometer consists of three quadrupoles,
symbolized by Q1, q2, and Q3. The manipulation of the motion of ions by quadrupole fields has
been described in previous chapters (Chapters 2.3.2 and 2.3.3). In triple quadrupole mass
spectrometers, the first (Q1) and the third (Q3) quadrupole have DC and RF voltages applied to
them so that they can be used to perform ion isolation and m/z analysis. In contrast, the second
quadrupole (q2) only has RF-potential applied to it and therefore it is used as a focusing reaction
cell for reactions used in tandem mass spectrometry experiments, such as CAD, ECD, and
ion/molecule reactions. In order to perform tandem mass spectrometry experiments based on CAD,
the central quadrupole q2 is filled with a collision gas, such as nitrogen or argon, so that ions
entering q2 can undergo fragmentation upon collisions with the gas atoms or molecules. Both triple
quadrupole and linear quadrupole ion trap instruments can perform tandem mass spectrometry

57
experiments; however, conventional triple quadrupole mass spectrometers do not have ion
trapping capability and therefore only allow one ion isolation step followed by reaction, such as
CAD, EDC or ion/molecule reaction (i.e., MS/MS or MS2). More recently, hybrid triple
quadrupole/linear ion trap instruments have been developed that can be used to perform up to two
ion isolation steps in MS/MS/MS (or MS3) experiments.66,67
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Figure 2.17. A general diagram of a triple quadrupole mass spectrometer.
Triple quadrupole instruments can be operated in several modes. The four most important
ones are illustrated in Figure 2.18. In the first scan mode – fragment ion scan, a precursor ion with
a chosen m/z is selected and accelerated into the collision cell (q2), causing the precursor ion to
fragment; the fragment ions are transferred into the third quadrupole (Q3) where they are scanned
out in a mass-selective manner and detected. In the second scan mode – precursor ion scan, the
third quadrupole (Q3) passes only a selected fragment ion while the first quadrupole (Q1) transmits
all ions, one m/z at a time, in order to detect precursor ions that produce the selected fragment ion.
In the third scan mode – neutral loss scan, both quadrupoles Q1 and Q3 continuously transmit only
selected ions but the ions have m/z-values that differ by a specific number corresponding to the
MW of a neutral fragment produced upon fragmentation. In the fourth mode, both quadrupoles Q1
and Q3 transmit a selected ion; Q1 transmits a precursor ion and Q3 transmits a fragment ion, thus
enabling monitoring of a specific fragmentation reaction.
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Figure 2.18. A triple quadrupole mass spectrometer operated in four different scan modes: A)
fragment ion scan, B) precursor ion scan, C) neutral loss scan, and D) selected reaction
monitoring.
Fundamental Principles of Gas-Phase Ion/Molecule Reactions
Undoubtedly, mass spectrometry is a powerful tool for chemical analysis, especially for
complex mixtures; however, definitive structural identification of previously unknown compounds
is still challenging when using mass spectrometry alone. One significant challenge is
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differentiating and identifying isomers as they have identical mass-to-charge ratios and chemical
compositions. Sometimes, isomeric ions fragment very differently and can be identified based on
their CAD (or EI) fragmentation mass spectra. However, many isomeric ions fragment nearly
identically and are challenging to differentiate.5,17 On the other hand, gas-phase ion/molecule
reactions have shown great promise as a tool to identify functional groups (or structural moieties)
in analytes and thus can be often used to differentiate or identify isomers.3,4,7,68,69 In addition to the
practical application of gas-phase ion/molecule reactions in structural elucidation, they provide a
unique tool for the study of reactive intermediates (e.g., carbocations, carbanions, radicals,
carbenes, etc.) in a solvent-free environment. The following sections cover the fundamental
principles of gas-phase ion/molecule reactions.
Double-Well Potential Energy Surface
Proposed by Brauman and co-workers in 1977, the double-well potential energy surface
has been widely applied to describe gas-phase SN2 reactions70,71 and many others. A general
Brauman double-well potential energy surface model is shown in Figure 2.19. A typical gas phase
reaction is initiated by ion-dipole or ion-induced dipole interactions between the analyte ion and
the reactant neutral reagent, leading to the formation of a reactant complex. During this process,
the reactants accelerate toward each other and gain solvation energy and thus become internally
and kinetically activated. The transition state for a reaction, which involves new bond formation
and old bond dissociation, lies higher in energy than the reactant complex. If the internal energy
gained from solvation is sufficient to overcome a transition state, the reactant complex will
undergo transformation to form a product complex. An irreversible dissociation of the product
complex then produces the separated products, completing the ion/molecule reaction. The reaction
rates are dependent on the energy difference between the separated reactants, the transition state
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(ΔE) and the final separated products. Generally, the greater the energy gap (ΔE), the faster the
ion/molecule reaction. On the other hand, endothermic ion-molecule reactions rarely occur in the
gas phase. However, even exothermic reactions do not always proceed; instead, entropy might
drive the reaction back to the original reactants. This dissociation is largely due to the tighter
structure of the transition state compared to the loose structure of the separated reactants. To
proceed through a tight transition state, the reactant complex often must undergo bond rotation to
adopt a specific orientation, which causes a decrease in entropy. Therefore, many ion/molecule
reactions do not occur at collision rate.

Figure 2.19. The Brauman double-well potential energy surface for gas-phase ion/molecule
reactions. Energy level spacings indicate the relative tightness of the transition state compared to
the separated reactants.
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Measurement of Rates of Ion/molecule Reactions
The neutral reagent for ion/molecule reactions can be introduced into the linear quadrupole
ion trap through diffusion from laser induced acoustic desorption or an external mixing manifold.
Only the latter one is used for the experiments performed in this dissertation, and therefore
discussed here. After the analyte ion has been generated in the ion source and subsequently isolated
in the ion trap, the ion is allowed to react with the neutral reagent for a variable period of time,
usually ranging from 0.03 ms to 10000 ms. The ionic products and unreacted reactants are then
scanned out and detected to produce a mass spectrum. During a kinetic study, the relative
abundances of the reactant and product ions are monitored over time. As typical gas-phase ionmolecule reactions follow second-order reaction kinetics, their reaction rate can be described by
the following equation:
𝑣 = 𝑘𝑠𝑒𝑐𝑜𝑛𝑑 [𝑀][𝐼]

Equation 2.5.1

where v is the rate of the reaction, [M] is the concentration of the neutral reagent, [I] is the
concentration of the reactant ion, and knd is the second-order reaction rate constant. Since the
concentration of the ion in the ion trap is considerably smaller than the concentration of the neutral
reagent (i.e., [M] is much greater than [I]), ion/molecule reactions typically follow pseudo-firstorder kinetics. Therefore, the above equation can be simplified to:
𝑣 = 𝑘𝑜𝑏𝑠 [𝐼]

Equation 2.5.2

where kobs is the apparent/observed first-order reaction rate constant. The observed rate constant
is the slope of a semilogarithmic plot of the log of the relative abundance of the reactant ion versus
reaction time. A linear decrease of the ion abundances of the reactant ion in the semilogarithmic
plot indicates first-order reaction kinetics. Non-linear semilogarithmic plots are sometimes
obtained when the reactant ion mixture contains isomeric ions.
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After the apparent second-order reaction rate constant, kobs, has been determined, the
original second-order reaction rate constant knd can be calculated by:
𝑘𝑠𝑒𝑐𝑜𝑛𝑑 =

𝑘𝑜𝑏𝑠
[𝑀]

Equation 2.5.3

Therefore, the second-order reaction rate constant ksecond can be determined once the
concentration of the neutral reagent is obtained. This concentration is determined by correlating
the concentration of the neutral reagent, [M], to the measured pressure of the neutral reagent (PM)
by using the conversion factor 1 Torr = 3.239 × 1016 molecules/cm3. Therefore, the second-order
rate constant ksecond can be described as:
𝑘𝑠𝑒𝑐𝑜𝑛𝑑 = (𝑃

𝑘𝑜𝑏𝑠
16
𝑀 )(3.239 × 10 )

Equation 2.5.4

However, the pressure of the neutral reagent PM cannot be measured directly; this is partly
because different neutral reagents have different polarizabilities. On the other hand, the pressure
near the linear quadrupole ion trap can be measured by the ion gauge. Therefore, several correction
factors are used to convert the ion gauge pressure to the pressure of the neutral reagent PM. One of
the correction factors, called Baratron correction factor, is described as follow:
1

𝐵/𝐼 = 0.36𝛼+0.30

Equation 2.5.5

where B/I is the Baratron correction factor, and α is the polarizability of the neutral reagent. 72
Another correction factor is the ion gauge correction factor (IGCF). This correction factor accounts
for the pressure gradient between the reaction vessel – the ion trap – and the ion gauge. This IGCF
is determined by measuring the rate of a barrierless reaction, usually proton or electron transfer,
involving the same neutral reagent as in the ion/molecule reaction of interest.
Therefore, the pressure of the neutral reagent (PM) can be determined by the following
equation:
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𝐵

𝑃𝑀 = 𝑃𝐼 × ( 𝐼 ) × 𝐼𝐺𝐶𝐹

Equation 2.5.6

where PI is the measured ion gauge pressure. Combining the above equations, the original secondorder reaction rate constant can be expressed as:
𝑘𝑠𝑒𝑐𝑜𝑛𝑑 =

𝑘𝑜𝑏𝑠
𝐵
( )×𝐼𝐺𝐶𝐹×𝑃𝐼 ×3.239 × 1016
𝐼

Equation 2.5.7

The reaction efficiency is defined as the percentage of the ratio between the rate constant
for the reaction (ksecond) and the collision rate constant (kcoll), as represented by the following
equation:
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝑘𝑠𝑒𝑐𝑜𝑛𝑑
𝑘𝑐𝑜𝑙𝑙

× 100%

Equation 2.5.8

The collision rate constant (kcoll) can be calculated based on a parameterized trajectory
theory.73 Greater reaction efficiencies correspond to faster ion/molecule reactions and vice versa.
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SYNTHESIS OF MODEL COMPOUNDS

General Experimental Conditions
All reagents were purchased from commercial sources and were used without further
purification. All solvents were freshly dried prior to use. The synthesized compounds were
characterized by 1H NMR,

13

C NMR, and HRMS. The novel 1,2-diphenylcyclopropenylidene

derivative of Meldrum’s acid was also characterized by X-ray crystallography. 1H NMR spectra
were recorded with a Bruker AV-III-400 HD spectrometer at 400 MHz or a Bruker Avance-III
spectrometer at 800 MHz;

13

C NMR spectra were recorded with a Bruker AV-III-400 HD

spectrometer at 100 MHz or a Bruker Avance-III spectrometer at 200 MHz. Either CD3OD or
CDCl3 was used as the solvent. Chemical shifts are reported in δ (ppm) from CD3OD (3.31 ppm
for 1H NMR, 49.00 ppm for 13C NMR) or from CDCl3 (7.26 ppm for 1H NMR, 77.00 ppm for 13C
NMR). The NMR spectra were obtained using a Bruker TopSpin 3.0 and processed using
MestReNova. The HRMS spectra were acquired on a Thermo Scientific LQIT/orbitrap mass
spectrometer using ESI in positive ion mode. The data were processed using Thermo Xcalibur. Xray crystallography data were collected, reflections were indexed and processed, and the files
scaled and corrected for absorption by using APEX3.1 The space groups were assigned and the
structures were solved by direct methods using XPREP within the SHELXTL suite of programs2
and refined by full matrix least squares against F2 with all reflections3 using Shelxl2018 and the
graphical interface Shelxle.4 If not otherwise specified, H atoms attached to carbon and nitrogen
atoms and hydroxyl hydrogens were positioned geometrically and constrained to ride on their
parent atoms, with carbon hydrogen bond distances of 0.95 Å for aromatic C-H and 1.00, 0.99 and
0.98 Å for aliphatic C-H, CH2 and CH3 moieties, respectively. Methyl H atoms were allowed to
rotate but not to tip to best fit the experimental electron density. Uiso(H) values were set to a
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multiple of Ueq(C) with 1.5 for CH3, and 1.2 for C-H units, respectively. Complete crystallographic
data, in CIF format, have been deposited with the Cambridge Crystallographic Data Centre (CCDC
1836501).

Synthesis of β-ᴅ-xylopyranosylglyceraldehyde (XGRA; Scheme 3.1)

Scheme 3.1. The synthesis of β-ᴅ-xylopyranosylglyceraldehyde (XGRA).
1,2:5,6-Di-O-isopropylidene-D-mannitol (1)
A round bottomed flask containing zinc chloride (20 g, 146 mmol) was heated in an open
flame to melt the zinc chloride and remove any residual water. The flask was capped with a calcium
chloride drying tube and cooled to room temperature. Anhydrous acetone (200 mL) was added
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into the reaction flask, stoppered, and swirled to dissolve the solid. After the solution cooled to
room temperature, the flask was stoppered and swirled to dissolve the solid. D-mannitol (10 g, 55
mmol) was quickly added, the flask stoppered and the mixture stirred to obtain a clear solution (5
h). The reaction was quenched by the addition of sodium bicarbonate powder. The extract was
concentrated in vacuo and the residue was purified by silica column chromatography with hexane
and ethyl acetate eluents to give compound 1 (8.66 g, 60% yield) as white powder. 1H NMR (400
MHz, CDCl3) δ 4.20-4.14(m, 4H) 3.98 (dd, J = 8.4, 5.3 Hz, 2H), 3.75 (t, J = 6.9 Hz, 2H), 2.80 (d,
J = 6.6 Hz, 1H), 2.80 (d, J = 6.6 Hz, 2H), 1.42 (s, 3H), 1.36 (s, 3H). 13C NMR (100 MHz, CDCl3)
δ 109.39, 76.22, 71.16, 66.74, 26.72, 25.19; electrospray ionization high resolution mass spectrum
(ESI HRMS): calculated m/z for C12H23O6 [M + H]+ was 263.1489 Da, observed m/z was found
to be 263.1478 Da.
(R)-2,3-0-(Isopropylidene)-glyceraldehyde (2)
The procedure was adapted from literature5 with slight modifications. Into a round bottom
flask, diacetonide 2 (8 g, 30.5 mmol) in dichloromethane (100 mL) was added. A saturated aqueous
solution of sodium bicarbonate (0.4 mL/ g of diacetonide) was then added into the flask,
maintaining the temperature at or below 25 °C. Solid potassium periodate (14 g, 61 mmol) was
then added over a 5-min period with vigorous agitation and the reaction was allowed to proceed
for 2 h while the temperature was maintained below 30 °C. After the solution was stirred for 2 hr,
magnesium sulfate (0.5 g/g of diacetonide) was added and stirring was continued for 20 min. The
solids were removed by filtration. The filtrate was concentrated at atmospheric pressure at a
temperature of 55 °C. The residual oil was transferred into a smaller vessel and distilled at 30
mmHg; after a brief forerun, 2.8 g (71% yield) of compound 2 was obtained: b.p. 72-74 oC (30
mmHg). NMR data were found to be in agreement with those in literature. 1H NMR (400 MHz,
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CDCl3) δ 9.55 (d, 1 H, J = 1.8 Hz), 4.25 (m, 1 H), 4.05-3.93 (m, 2 H), 1.42 (s, 3 H), 1.36 (s, 3 H);
C NMR (100 MHz, CDCl3) δ 201.38, 110.79, 79.49, 65.11, 25.84, 24.73; ESI HRMS: calculated

13

m/z for C6H11O3 [M + H]+ was 131.0703 Da, observed m/z was found to be 131.0711 Da.
(S)-2,2-Dimethyl-4-vinyl-1,3-dioxolane (3)
The procedure was adapted from literature6 with slight modifications. Into an ice-cooled
solution of potassium tert-butoxide (2.6 g, 23.7 mmol) in 20 mL dry tetrahydrofuran,
methyltriphenylphosphosphonium iodide (9.57 g, 23.7 mmol) was added under nitrogen
atmosphere. The solution was stirred for 1.5 h, followed by addition of acetonide (2.8 g, 21.5 mmol)
in 5 mL tetrahydrofuran. The solution was stirred for 1 h. The reaction was quenched by adding 9
mL water. The mixture was extracted with ether (15 mL × 3). The combined organic phases were
dried over anhydrous magnesium sulfate and concentrated at ambient pressure to remove the ether.
The residue was distilled under reduced pressure (50 mm) at 50 ℃ to afford compound 3 (2.1 g,
76%) as a colorless oil. NMR data were found to be in agreement with those in literature. 1H NMR
(400 MHz, CDCl3) δ 5.80 (m, 1H), 5.33 (d, J = 17.1 Hz, 1H), 5.20 (d, J = 10.3 Hz, 1H), 4.48 (m,
1H), 4.08 (t, J = 7.1 Hz, 1H), 3.58 (t, J = 7.9 Hz, 1H), 1.41 (s, 3H), 1.38 (s, 3H). 13C NMR (101
MHz, CDCl3) δ 135.72, 117.63, 109.12 77.14, 69.02, 26.36. ESI HRMS: calculated m/z for
C7H13O2 [M + H]+ was 129.0910 Da, observed m/z was found to be 129.0913 Da.
(S)-But-3-ene-1,2-diol (4)
The procedure was adapted from literature6 with slight modifications. Into a stirred solution
of acetonide (312 mg, 2.43 mmol) in 10 mL absolute methanol, trifluoromethanesulfonic acid
(365.2 mg, 2.43 mmol) was added at 0 ℃. The solution was then allowed to warm up to ambient
temperature and stirred for 12 h. The resulting reaction mixture was concentrated in vacuo and the
residue was subjected to silica gel flash chromatography (hexane: ethyl acetate = 2:1) to afford 4
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as a colorless oil (210 mg, 98%). 1H NMR (400 MHz, CDCl3) δ 5.76 (ddd, J = 16.8, 10.6, 5.6 Hz,
1H), 5.27 (d, J = 17.3 Hz, 1H), 5.13 (d, J = 10.6 Hz, 1H), 4.23 – 4.08 (m, 1H), 3.56 (dd, J = 11.5,
3.3 Hz, 1H), 3.40 (dd, J = 11.5, 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 136.65, 116.33, 73.17,
66.02. ESI HRMS: calculated m/z for C4H9O2 [M + H]+ was 89.0597 Da, observed m/z was found
to be 89.0587 Da.
(S)-2-Hydroxybut-3-en-1-yl Benzoate (5)
The procedure was adapted from literature7 with slight modifications. Into a solution of
butene-1,2-diol in pyridine/ dichloromethane (1:1, 10mL) at -78 °C, a solution of benzoyl chloride
(318 mg, 2.27 mmol) in dichloromethane (1 mL) was added dropwise. The reaction mixture was
stirred for 12 h at 78 °C. The reaction was quenched by the addition of water. The aqueous phase
was extracted three times with dichloromethane (10 mL). The combined organic phases were
washed with 2M HCl(aq) and sodium bicarbonate solutions, dried with magnesium sulfate, filtered,
and the solvent removed in vacuo. The crude product was purified by silica gel column
chromatography (Hex:EA = 6:1) to yield compound 5 (387 mg, 88%) as a white foam. 1H NMR
(400 MHz, CDCl3) δ 8.43 – 7.82 (m, 2H), 7.57 – 7.47 (m, 1H), 7.44 – 7.32 (m, 2H), 5.91 (ddd, J
= 17.3, 10.5, 5.6 Hz, 1H), 5.40 (d, J = 17.2 Hz, 1H), 5.22 (d, J = 10.6 Hz, 1H), 4.56 – 4.43 (m,
1H), 4.36 (dd, J = 11.4, 3.9 Hz, 1H), 4.26 (dd, J = 11.4, 7.0 Hz, 1H), 3.23(brs, 1H); 13C NMR (101
MHz, CDCl3) δ 166.66, 136.29, 133.06, 129.71, 129.59, 128.28, 116.93, 77.41, 77.09, 76.77, 70.83,
68.14; ESI HRMS: calculated m/z for C11H13O3 [M + H]+ was 193.0859 Da, observed m/z was
found to be 193.0843 Da.
2,3,4-Tri-O-acetyl-β-D-xylopyranosyl-O-(S)-2-hydroxybut-3-en-1-yl benzoate (6)
The procedure was adapted form literature8 with slight modifications. A mixture of donor
11 (931 mg, 2.2 mmol) and acceptor 5 (387 mg, 2.0 mmol) and 4 Å molecular sieves in 15 mL
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anhydrous diethyl ether/dichloromethane (1:1) was stirred at room temperature under argon
atmosphere for 30 min. Then the mixture was cooled to –20

°

C and trimethylsilyl

trifluoromethanesulfonate (12 μL, 0.068 mmol) was added. The reaction was allowed to slowly
warm to room temperature over 1 h. TLC analysis showed complete conversion of the starting
material to a major product (hexane/ethyl acetate 3:1, Rf = 0.25). The reaction was quenched by
the addition of 0.1 mL triethylamine and the solution was filtered. The filtrate was concentrated in
vacuum and purified by silica gel chromatography (hexane/ethyl acetate = 4:1) to give compound
6 as a syrup (630 mg, 70%). 1H NMR (800 MHz, CDCl3) δ 8.03 – 7.99 (m, 2H), 7.57 – 7.51 (m,
1H), 7.45 – 7.40 (m, 2H), 5.87 (ddd, J = 17.3, 10.6, 5.9 Hz, 1H), 5.41 (dt, J = 17.3, 1.4 Hz, 1H),
5.28 – 5.22 (m, 1H), 5.12 (t, J = 8.5 Hz, 1H), 4.97 – 4.89 (m, 2H), 4.72 (d, J = 6.8 Hz, 1H), 4.46
(qdt, J = 5.1, 2.7, 1.2 Hz, 1H), 4.38 (dd, J = 11.7, 3.8 Hz, 1H), 4.25 (dd, J = 11.7, 7.4 Hz, 1H),
4.12 – 4.05 (m, 1H), 3.33 (dd, J = 12.0, 8.6 Hz, 1H), 2.00 (s, 3H), 1.98 (s, 3H), 1.82 (s, 3H); 13C
NMR (200 MHz, CDCl3) δ 169.94, 169.71, 169.20, 166.10, 134.22, 133.22, 129.60, 128.46,
118.14, 100.32, 77.98, 77.34, 77.18, 77.02, 71.33, 70.76, 68.77, 66.24, 62.01, 20.67, 20.63, 20.40.
ESI HRMS: calculated m/z for C22H27O10 [M + H]+ was 451.1599 Da, and observed m/z was found
to be 451.1611 Da.
β-D-Xylopyranosyl-O-(S)-2-hydroxybut-3-en-1-ol (7)
Into a solution of compound 6 (630 mg, 1.4 mmol) in anhydrous methanol, a catalytic
amount of sodium methoxide was added. The solution was stirred at room temperature overnight.
After silica gel column chromatography (DMC:methanol = 10:1) compound 7 (306 mg, 99%) was
obtained as a white foam. 1H NMR (800 MHz, CD3OD) δ 5.88 (dtd, J = 17.1, 10.5, 5.9 Hz, 1H),
5.34 (d, J = 16.9 Hz, 1H), 5.18 (d, J = 10.6 Hz, 1H), 4.38 (t, J = 5.8 Hz, 1H), 4.25 – 4.18 (m, 1H),
3.84 (dt, J = 11.1, 4.8 Hz, 1H), 3.62 (td, J = 12.2, 6.0 Hz, 2H), 3.54 – 3.49 (m, 1H), 3.37 – 3.33
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(m, 1H), 3.27 (d, J = 8.0 Hz, 1H), 3.18 (t, J = 10.8 Hz, 1H).
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C NMR (200 MHz, CD3OD) δ

136.02, 115.90, 103.77, 82.47, 76.38, 73.90, 69.76, 65.56, 64.42. ESI HRMS: calculated m/z for
C9H17O6 [M + H]+ was 221.1020 Da, observed m/z was found to be 221.1053 Da.
β-D-Xylopyranosyl-O-(R)-2-glyceraldehyde (XGRA)
The procedure was adapted from literature9 with slight modifications. A solution of 7 in
methanol (12 mL) was cooled to -78 °C and saturated with ozone. The pale-blue solution was then
purged with oxygen until colorless and then treated with an excess (3 eq.) of dimethyl sulfide (306
µL, 259 mg, 3 eq). The stirred mixture was allowed to warm to room temperature and react for
another 2 h. The removal of excess solvent yielded a foamy solid that gave a streak by TLC
analysis at an Rf value lower than the starting material (DCM:methanol = 10:1).

Synthesis of 13C-labeled Cellotriose (T10; Scheme 3.2)

Scheme 3.2. The synthesis of 13C-labeled cellotriose (T10).
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Phenyl 2,3,4,6–Tetra–O–acetyl–1-thio-β–D–glucopyranoside (T2)
This procedure was adapted from literature.10 Boron trifluoride diethyl etherate (9 ml, 75
mmol) was added into a solution of T1 (10 g, 25 mmol) and thiophenol (3.3 mL ml, 30.6 mmol)
in dichloromethane (DCM) (60 mL) at 0 °C. The reaction mixture was stirred at room temperature
for 20 h and diluted with DCM (60 mL). The resulting solution was washed with a saturated
solution of NaHCO3 in water, dried (Na2SO4), filtered, and the filtrate was concentrated in vacuo.
The resulting residue was purified by recrystallization in ethanol to afford T2 (6.8 g, 51 %) as
white needle-shaped crystals. 1H NMR (800 MHz, Chloroform-d) δ 7.51 – 7.45 (m, 2H), 7.34 –
7.28 (m, 3H), 5.21 (t, J = 9.4 Hz, 1H), 5.03 (dd, J = 10.1, 9.5 Hz, 1H), 4.97 (dd, J = 10.0, 9.3 Hz,
1H), 4.70 (d, J = 10.1 Hz, 1H), 4.21 (dd, J = 12.2, 5.2 Hz, 1H), 4.17 (dd, J = 12.2, 2.4 Hz, 1H),
3.72 (ddd, J = 10.1, 5.3, 2.5 Hz, 1H), 2.08 (s, 3H), 2.07 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H).
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C

NMR (201 MHz, Chloroform-d) δ 170.66, 170.27, 169.49, 169.35, 133.24, 131.75, 129.05, 128.53,
85.84, 75.92, 74.08, 70.06, 68.33, 62.26, 20.87, 20.84, 20.71, 20.69. ESI HRMS: m/z calcd for
C20H24NaO9S [M + Na]+ 463.1033, found 463.1031.
Phenyl 4,6-benzylidene-1-thio-β–D–glucopyranoside (T3)
This procedure was adapted from literature.10 Thioglucoside T2 (6.8 g, 15.5 mmol) was
dissolved in anhydrous methanol (100 mL). A catalytic amount of sodium methoxide was added
into the reaction mixture and stirred overnight at room temperature. The solution was then
neutralized with Amberlyst 15, which was removed thereafter by filtration. The product residue
was collected in vacuo and redissolved in dimethylformamide (DMF) (20 mL), into which
benzaldehyde dimethylacetal (mL, 23.1 mmol) and camphorsulfonic acid (430 mg, 1.85 mmol)
were added. The reaction was allowed to proceed at 50 °C overnight. The reaction was quenched
with Et3N, diluted with DCM (100 mL), washed with a saturated water solution of NaHCO3
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followed by saturated brine, dried over Na2SO4, filtered, and finally concentrated in vacuo. Due to
limited solubility, the resulting residue was used in the next step without purification.
Phenyl 2,3-Di-O-acetyl-4,6-O-benzylidene-1-thio-β–D–glucopyranoside (T4)
The crude diol T3 from the previous synthesis was dissolved in anhydrous pyridine (10
mL) into which acetic anhydride (10 mL) was added. The solution was stirred overnight at room
temperature and the reaction was quenched with methanol. The solvent was removed at reduced
pressure and the residue was washed with 4M aqueous HCl, saturated aqueous NaHCO3, and brine,
and then dried over anhydrous Na2SO4. The residue was purified by silica gel column
chromatography (hexane:ethyl acetate = 4:1) to afford T4 (5.1 g, 74% three steps) as a white foam.
1

H NMR (800 MHz, Chloroform-d) δ 7.51 – 7.46 (m, 2H), 7.44 – 7.40 (m, 2H), 7.35 (ddd, J = 8.1,

6.3, 3.7 Hz, 6H), 5.50 (s, 1H), 5.34 (t, J = 9.3 Hz, 1H), 5.01 (dd, J = 10.1, 8.9 Hz, 1H), 4.81 (d, J
= 10.0 Hz, 1H), 4.39 (dd, J = 10.6, 5.0 Hz, 1H), 3.79 (t, J = 10.3 Hz, 1H), 3.67 (t, J = 9.6 Hz, 1H),
3.58 (td, J = 9.7, 5.0 Hz, 1H), 2.10 (s, 3H), 2.03 (s, 3H). 13C NMR (201 MHz, Chloroform-d) δ
170.11, 169.54, 136.75, 133.01, 131.75, 129.19, 129.08, 128.45, 128.27, 126.17, 101.54, 86.62,
78.12, 77.21, 77.05, 76.89, 72.93, 70.81, 70.68, 68.48, 20.83, 20.81. ESI HRMS: m/z calcd for
C23H24NaO7S [M + Na]+ 467.1135, found 467.1131.
Benzyl 2,3-di-O-acetyl-4,6-O-benzylidene-β–D–glucopyranosyl-(1→4)-2,3-di-O-acetyl6-O-benzyl-β-D-glucopyranoside (T6)
A solution of glycosyl donor T4 (1.5 g, 3.4 mmol) and acceptor T5 (synthesized according
to literature11) (1.8 g, 4.8 mmol) in anhydrous DCM (10 mL) was stirred with activated molecular
sieves (4 Å) under argon for 30 min. N-Iodosuccinimide (0.765 g, 3.4 mmol) was then added and
stirring was continued for 30 min. After the addition of a catalytic amount of silver triflate (AgOTf,
0.009 g, 0.034 mmol), the color of the reaction mixture turned yellow brown. The reaction was
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quenched by the addition of triethyl amine (Et3N) and the solution stirred for an additional 20 min.
The reaction mixture was diluted with DCM and washed with sodium thiosulfate to remove iodine.
The resulting residue was collected in vacuo and purified by silica gel column chromatography
(hexane:ethyl acetate = 3:1) to afford T6 (1.8 g, 70%) as colorless syrup. 1H NMR (800 MHz,
Chloroform-d) δ 7.47 – 7.41 (m, 6H), 7.39 – 7.34 (m, 7H), 7.32 – 7.30 (m, 2H), 5.47 (s, 1H), 5.19
(t, J = 9.5 Hz, 1H), 5.14 (t, J = 9.4 Hz, 1H), 5.03 (dd, J = 9.7, 8.0 Hz, 1H), 4.91 (d, J = 12.3 Hz,
1H), 4.88 (dd, J = 9.3, 8.0 Hz, 1H), 4.80 (d, J = 12.0 Hz, 1H), 4.64 (d, J = 12.3 Hz, 1H), 4.60 –
4.50 (m, 2H), 4.35 (dd, J = 10.4, 5.0 Hz, 1H), 4.13 (q, J = 7.2 Hz, 1H), 4.00 (t, J = 9.5 Hz, 1H),
3.78 (qd, J = 11.1, 2.8 Hz, 2H), 3.70 (t, J = 10.2 Hz, 1H), 3.61 (t, J = 9.6 Hz, 1H), 3.45 (ddd, J =
9.9, 3.4, 1.9 Hz, 1H), 3.32 (td, J = 9.7, 5.0 Hz, 1H), 2.03 (s, 3H), 2.02 (s, 3H), 2.02 (s, 3H), 1.99
(s, 3H). 13C NMR (201 MHz, Chloroform-d) δ 170.00, 169.61, 169.46, 168.99, 137.64, 136.91,
136.70, 129.10, 128.59, 128.33, 128.18, 128.15, 128.10, 127.99, 127.82, 127.58, 126.07, 105.59,
101.38, 101.28, 100.67, 99.26, 78.03, 75.50, 74.59, 73.64, 73.05, 72.45, 71.89, 71.53, 70.54, 68.40,
67.14, 65.98, 60.26, 20.88, 20.65, 20.60, 20.57. ESI HRMS: m/z calcd for C41H46NaO15 [M + Na]+
801.2729, found 801.2733.
Benzyl 1-Ol-2,3-di-O-acetyl-6-O-benzyl-β–D–glucopyranosyl-(1→4)-2,3-di-O-acetyl-6O-benzyl-β-D-glucopyranoside (T7)
Triethylsilane (0.835 g, 7.2 mmol) and trifluoromethanesulfonic acid (TfOH, 1.08 g, 7.2
mmol) were sequentially added into a cooled (-78 °C) solution of T6 (1.8 g, 2.4 mmol) in
anhydrous DCM. The reaction mixture was stirred at -78 °C for 1 h and the reaction was then
quenched with methanol and triethyl amine. The resulting mixture was washed with saturated
aqueous NaHCO3 and water and then dried over Na2SO4. The filtrate was concentrated in vacuo
and the resulting residue was purified by silica gel column chromatography (hexane:ethyl
acetate:dichloromethane = 3:1:1) to afford compound T7 (1.68 g, 90%) as colorless syrup. 1H
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NMR (800 MHz, Chloroform-d) δ 7.46 – 7.22 (m, 15H), 5.10 (t, J = 9.4 Hz, 1H), 5.03 (dd, J = 9.8,
7.9 Hz, 1H), 4.94 – 4.88 (m, 2H), 4.77 (dd, J = 11.1, 6.0 Hz, 2H), 4.63 (d, J = 12.4 Hz, 1H), 4.53
(t, J = 11.9 Hz, 3H), 4.50 (d, J = 8.0 Hz, 1H), 4.47 (d, J = 8.0 Hz, 1H), 3.96 (t, J = 9.5 Hz, 1H),
3.80 – 3.74 (m, 2H), 3.72 (td, J = 10.3, 9.7, 3.8 Hz, 2H), 3.43 (dt, J = 10.0, 2.5 Hz, 1H), 3.32 (dt,
J = 9.2, 4.4 Hz, 1H), 3.10 (d, J = 3.7 Hz, 1H), 2.06 (s, 3H), 2.01 (s, 3H), 1.96 (s, 3H), 1.96 (s, 3H).
C NMR (201 MHz, Chloroform-d) δ 171.15, 170.21, 169.66, 169.13, 137.73, 137.39, 137.01,
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128.64, 128.56, 128.43, 128.10, 128.05, 127.99, 127.91, 127.67, 100.09, 75.84, 75.01, 74.83, 73.71,
73.55, 72.82, 71.79, 71.64, 70.65, 70.22, 69.82, 67.28, 20.86, 20.73, 20.72, 20.71. ESI HRMS: m/z
calcd for C41H48NaO15 [M + Na]+ 803.2885, found 803.2876.
Benzyl 2,3,4,6-Tetra-O-acetyl-β-D-[1-13C]glucopyranosyl-(1→4)-1-2,3-di-O-acetyl-6-Obenzyl-β–D–glucopyranosyl-(1→4)-2,3-di-O-acetyl-6-O-benzyl-β-D-glucopyranoside
(T8)
A mixture of glycosyl acceptor T7 (1.68 g, 2.16 mmol) and donor peracetylglucopyranosyl-trichloroacetimidate (1.169 g, 2.376 mmol) was stirred in 20 mL anhydrous
diethyl ether/dichloromethane (1:1) with molecular sieves (4Å) at room temperature under argon
for 30 min. The mixture was then cooled to –20 °C and trimethylsilyl trifluoromethanesulfonate
(TMSOTf, 12 μL, 0.068 mmol) was added. The reaction was allowed to warm to room temperature
over 1 h. TLC analysis showed complete conversion of the starting material to a major product.
The reaction was quenched by the addition of 0.1 mL triethylamine and the solution was filtered.
The filtrate was concentrated in vacuum and purified by silica gel chromatography (hexane: ethyl
acetate = 4:1) to yield protected trisaccharide T8 (1.56 g, 65%) as colorless syrup. 1H NMR (800
MHz, Chloroform-d) δ 7.45 – 7.30 (m, 15H), 5.08 (t, J = 9.5 Hz, 1H), 5.03 – 4.98 (m, 1H), 4.93
(q, J = 9.7, 9.3 Hz, 2H), 4.88 (d, J = 12.3 Hz, 1H), 4.80 (q, J = 8.3, 7.6 Hz, 1H), 4.75 – 4.72 (m,
1H), 4.65 (d, J = 11.7 Hz, 1H), 4.60 (d, J = 12.4 Hz, 1H), 4.54 – 4.44 (m, 3H), 4.39 – 4.34 (m, 1H),
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4.36 – 4.29 (m, 1H), 4.28 (dt, J = 16.6, 8.4 Hz, 1H), 4.10 (q, J = 7.2 Hz, 1H), 3.99 – 3.89 (m, 2H),
3.90 – 3.81 (m, 1H), 3.74 (d, J = 2.5 Hz, 1H), 3.72 – 3.66 (m, 1H), 3.65 (dt, J = 10.8, 3.3 Hz, 1H),
3.41 (dt, J = 9.9, 2.6 Hz, 1H), 3.30 (d, J = 9.4 Hz, 1H), 3.26 – 3.21 (m, 1H), 3.10 – 3.05 (m, 1H),
2.06 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.98 (s, 4H), 1.97 (s, 3H), 1.96 (s, 3H), 1.96 (s, 3H), 1.93
(s, 3H). 13C NMR (201 MHz, Chloroform-d) δ 170.50, 170.29, 170.17, 170.08, 169.63, 169.34,
169.01, 168.67, 137.61, 137.12, 136.98, 128.80, 128.74, 128.63, 128.43, 128.39, 128.30, 128.20,
128.18, 128.13, 127.88, 127.64, 127.61, 127.56, 127.44, 99.85, 99.77, 74.72, 74.64, 74.42, 73.96,
73.64, 73.32, 73.01, 72.98, 72.85, 72.60, 71.82, 71.57, 71.53, 71.49, 71.32, 70.67, 67.84, 67.19,
61.48, 60.36, 20.71, 20.65, 20.60, 20.57, 20.54, 20.52, 20.45. ESI HRMS: m/z calcd for
C5413CH66NaO24 [M + Na]+ 1134.3870, found 1134.3888.
Benzyl β-D-[1-13C]Glucopyranosyl-(1→4)-6-O-benzyl-β–D–glucopyranosyl-(1→4)-6O-benzyl-β-D-glucopyranoside (T9)
Global deacetylation of trisaccharide T8 was achieved under Zempler conditions.12 Briefly,
NaOCH3 was added into a solution of T8 (0.4 g, 0.36 mmol) in 10 mL anhydrous methanol to
adjust the pH to 9. The reaction was allowed to continue overnight. The reaction was then
quenched by Amberlyst 15 acid resin and the filtrate was concentrated in vacuo. This deacetylated
intermediate T9 was characterized by NMR before the removal of benzyl acetal protection to avoid
anomerization of the reducing end. 1H NMR (800 MHz, Methanol-d4) δ 7.45 – 7.24 (m, 15H), 4.91
(d, J = 11.8 Hz, 1H), 4.69 (d, J = 11.7 Hz, 1H), 4.65 – 4.58 (m, 3H), 4.58 (s, 1H), 4.45 – 4.36 (m,
2H), 4.28 – 4.18 (m, 1H), 3.95 – 3.85 (m, 5H), 3.70 – 3.53 (m, 5H), 3.51 (t, J = 9.0 Hz, 1H), 3.38
(dd, J = 9.2, 7.8 Hz, 1H), 3.35 (d, J = 2.2 Hz, 1H), 3.34 – 3.31 (m, 3H), 3.29 (ddd, J = 9.1, 5.4, 2.5
Hz, 1H), 3.25 (td, J = 8.6, 6.1 Hz, 1H).
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C NMR (201 MHz, Methanol-d4) δ 138.55, 137.94,

129.00, 128.52, 128.24, 128.14, 127.98, 104.41, 104.07, 101.38, 78.99, 77.32, 76.57, 76.13, 75.85,
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74.09, 73.95, 73.19, 72.46, 72.10, 71.56, 71.20, 67.69, 62.47. ESI HRMS: m/z calcd for
C3813CH50NaO16 [M + Na]+ 798.3025, found 798.3011.
The above intermediate was dissolved in 10 mL methanol:water (1:1) and a catalytic amount
of palladium on activated charcoal (2 mg) was added into the solution. The reaction was carried
out at 50 psi H2 atmosphere for 24 hours. The catalyst was removed by filtration and the filtrate
was collected in vacuo to afford 13C-labeled cellotriose T10 as white powder (0.163 g, 90 % yield
in two steps). ESI HRMS: m/z calcd for C1713CH32NaO16 [M + Na]+ 528.1616, found 528.1628.

Synthesis of Cellobiosylglycoaldehyde (CBGA; Scheme 3.3)

Scheme 3.3. The synthesis of cellobiosylglycoaldehyde (CBGA).
2,3,4,6-Tetra-O-acetyl-glucopyranosyl-(1→4)-2,3,6-tri-O-acetyl–D–glucopyranose
(CB2)
Hydrazine acetate (271 mg, 2.9 mmol) was added into a solution of peracetylated
cellobiose CB1 (2 g, 2.9 mmol) in dry DMF. After stirring for 2 hours at 50 °C, the solvent was
removed under vacuum. The residue was diluted with ethyl acetate and washed with saturated LiCl
to remove residual DMF. The product was chromatographed (hexane:ethyl acetate = 2:1) to give
hemiacetal CB2 (1.569 g 84%), as colorless syrup. Due to hemicetal anomerization resulting in a
mixture of isomers, NMR was not measured at this point.
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2,3,4,6-Tetra-O-acetyl-glucopyranosyl-(1→4)-2,3,6-tri-O-acetyl–D–glucopyranosyl
trichloroacetimidate (CB3)
Hemiacetal CB2 (200 mg, 0.256 mmol) was dissolved in a mixture of 2 mL
trichloroacetonitrile and 10 mL DCM, followed by the addition of a catalytic amount of 1,8diazabicyclo(5.4.0)undec-7-ene (1.52 mg, 0.01 mmol). The reaction was allowed to proceed at
room temperature for an hour, after which the solvent was removed and the product was
chromatographed (hexane:ethyl acetate = 1:1) to give CB3 (173 mg, 87%) as a white foam.
Allyl 2,3,4,6-Tetra-O-acetyl-glucopyranosyl-(1→4)-2,3,6-tri-O-acetyl-β–D–
glucopyranoside (CB4)
The glycosyl donor CB3 (173 mg, 0.223 mmol) and acceptor allyl alcohol were dissolved
in 10 mL anhydrous DCM and stirred with molecular sieves (4Å) for 30 min at room temperature.
Then a catalytic amount of trimethylsilyl trifluoromethanesulfonate (TMSOTf, 12 μL, 0.068 mmol)
was added at -20 °C and the reaction was allowed to continue for 45 min. The reaction was
quenched by the addition of triethyl amine. Molecular sieves were filtered and the filtrate
concentrated in vacuo. The product was purified by silica gel chromatography (hexane:ethyl
acetate = 3:2) to afford CB4 (110 mg, 73%) as colorless syrup. 1H NMR (800 MHz, Chloroformd) δ 5.81 (ddt, J = 16.4, 10.8, 5.6 Hz, 1H), 5.23 (d, J = 17.3 Hz, 1H), 5.19 – 5.14 (m, 3H), 5.12 (t,
J = 9.4 Hz, 1H), 5.04 (t, J = 9.7 Hz, 1H), 4.90 (q, J = 8.3 Hz, 2H), 4.50 (s, 1H), 4.49 (s, 1H), 4.35
(dd, J = 12.5, 4.3 Hz, 1H), 4.28 (dd, J = 13.4, 4.8 Hz, 1H), 4.06 (ddd, J = 19.4, 12.5, 5.6 Hz, 2H),
4.02 (d, J = 12.4 Hz, 1H), 3.76 (t, J = 9.5 Hz, 1H), 3.67 – 3.62 (m, 1H), 3.57 (dd, J = 10.2, 4.9 Hz,
1H), 2.11 (s, 3H), 2.06 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.99 (s, 3H), 1.96 (s, 3H).
C NMR (201 MHz, Chloroform-d) δ 170.44, 170.27, 170.16, 169.78, 169.54, 169.27, 168.99,
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133.31, 117.59, 100.73, 99.34, 76.47, 72.91, 72.64, 72.50, 71.91, 71.58, 71.51, 69.98, 67.77, 61.86,
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61.53, 20.83, 20.66, 20.62, 20.51. ESI HRMS: m/z calcd for C29H40NaO18 [M + Na]+ 699.2107,
found 699.2119.
Allyl Glucopyranosyl-(1→4)-β–D–glucopyranoside (CB5)
Peracetylated glucoside CB4 (110 mg, 0.163 mmol) was dissolved in 10 mL anhydrous
methanol and NaOMe was added to adjust the pH to 9. The reaction was carried out at room
temperature overnight and quenched with Amberlyst 15. After filtration, the product was collected
in vacuo to afford CB5 in quantitative yield and used in the next step without further purification.
1

H NMR (800 MHz, Methanol-d4) δ 6.00 (ddq, J = 16.7, 11.1, 6.0 Hz, 1H), 5.42 – 5.33 (m, 1H),

5.20 (dt, J = 10.5, 3.3 Hz, 1H), 4.45 (dd, J = 8.0, 5.6 Hz, 1H), 4.39 (ddd, J = 18.2, 6.8, 4.5 Hz, 2H),
4.19 (dt, J = 12.6, 6.0 Hz, 1H), 3.98 – 3.84 (m, 3H), 3.70 (dt, J = 12.0, 5.9 Hz, 1H), 3.65 – 3.53
(m, 2H), 3.45 – 3.38 (m, 2H), 3.37 – 3.30 (m, 3H), 3.27 (td, J = 8.5, 4.6 Hz, 1H). 13C NMR (201
MHz, Methanol-d4) δ 134.23, 116.37, 103.17, 101.77, 79.37, 76.64, 76.38, 75.04, 74.99, 73.51,
73.35, 69.95, 69.83, 61.03, 60.46, 48.01, 47.91, 47.80, 47.69, 47.59, 47.48, 47.37. ESI HRMS: m/z
calcd for C15H26NaO11 [M + Na]+ 405.1367, found 405.1355.
Glycolaldehyde Glucopyranosyl-(1→4)-β–D–glucopyranoside (CBGA)
A solution of allyl cellobioside CB5 in 10 mL methanol was cooled to -78 °C and then
saturated with O3. The reaction was stirred for 1 hour and purged with O2, and the remaining
ozonide was quenched with excess methyl sulfide, forming DMSO as a byproduct. The solution
was concentrated in vacuo and the residue was re-dissolved in 5 mL methanol. The product was
precipitated by a treatment with ice-cold diethyl ether and collected by centrifuge. This procedure
was repeated three times to remove DMSO, which afforded CBGA as white powder (54 mg, 87%
yield in two steps). ESI HRMS: m/z calcd for C14H24NaO12 [M + Na]+ 407.1160, found 407.1133.
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C- and 18O-Doubly-labeled Cellobiose (G9; Scheme 3.4)

Scheme 3.4. The synthesis of 13C- and 18O-doubly-labeled cellobiose (G9).
Benzyl 2,3-Di-O-benzyl-4,6-ol-β–D–galactopyranoside (G2)
The starting material G1 (1.1 g, 2 mmol) was dissolved in 20 mL of DCM:TFA:water
(10:1:0.1, v:v:v) and stirred for 15 min. TLC indicated full conversion of the starting material to
product. The reaction was quenched by saturated sodium bicarbonate, and extracted twice with
DCM (20 mL). The solvents were removed under vacuum, and the residue was purified by silica
gel column chromatography (ethyl acetate:hexane = 4:1) to give G2 (770 mg, 86%) as syrup. 1H
NMR (800 MHz, Methanol-d4) δ 7.37 (d, J = 7.6 Hz, 4H), 7.30 – 7.23 (m, 11H), 4.94 (d, J = 11.8
Hz, 1H), 4.90 – 4.82 (m, 1H), 4.74 (d, J = 11.8 Hz, 1H), 4.71 (d, J = 11.0 Hz, 1H), 4.66 (d, J =
11.9 Hz, 1H), 4.61 (d, J = 11.8 Hz, 1H), 4.47 (d, J = 7.8 Hz, 1H), 4.05 (s, 1H), 3.82 (dd, J = 11.3,
6.8 Hz, 1H), 3.77 (dd, J = 11.3, 5.3 Hz, 1H), 3.69 (dd, J = 9.6, 7.8 Hz, 1H), 3.51 – 3.43 (m, 2H).
C NMR (201 MHz, Methanol-d4) δ 138.72, 138.45, 137.77, 127.96, 127.90, 127.78, 127.72,
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127.68, 127.58, 127.33, 127.21, 127.11, 102.64, 80.94, 78.89, 75.05, 74.64, 71.36, 70.56, 65.96,
61.12. ESI HRMS: m/z calcd for C27H30NaO6 [M + Na]+ 473.1935, found 473.1910.
Benzyl 2,3-Di-O-benzyl-4,6-ol-β–D–galacto-4-ulopyranoside (G3)
This procedure was adapted from literature.13 Diol G2 (770 mg, 1.7 mmol), dibutyltin
oxide (426 mg, 1.7 mmol), and 3 Å molecular sieves in anhydrous toluene were refluxed for 3 h.
The solvent was removed under vacuum and the crude stannylene derivative was dissolved in dry
chloroform. 1,3-Dibromo-5,5-dimethylhydantoin (242 mg, 0.855 mmol) was added into this
mixture and the solution was stirred for 30 min at room temperature. The reaction mixture was
then diluted with chloroform and washed with sodium thiosulfate. The organic phase was dried
and concentrated in vacuo. The residue was chromatographed (toluene:acetone = 3:1) to give G3
(475 mg, 62%) as a colorless syrup. 1H NMR (800 MHz, Chloroform-d) δ 7.47 – 7.23 (m, 15H),
5.05 – 4.92 (m, 3H), 4.82 – 4.74 (m, 2H), 4.73 (d, J = 11.9 Hz, 1H), 4.67 (d, J = 11.6 Hz, 1H),
4.21 (d, J = 9.4 Hz, 1H), 4.08 (t, J = 5.0 Hz, 1H), 3.93 (qd, J = 12.2, 5.1 Hz, 2H), 3.86 (dd, J = 9.4,
6.2 Hz, 1H). 13C NMR (201 MHz, Chloroform-d) δ 204.55, 137.83, 137.44, 136.66, 128.67, 128.48,
128.43, 128.37, 128.28, 128.15, 128.12, 128.01, 127.91, 101.99, 82.88, 82.51, 78.44, 77.30, 77.14,
76.98, 74.70, 73.94, 71.27, 61.69. ESI HRMS: m/z calcd for C27H28NaO6 [M + Na]+ 471.1778,
found 471.1750.
Benzyl 2,3-Di-O-benzyl-6-ol-β–D–galacto-4[18O]-ulopyranoside (G4)
The unlabeled galactouloside G3 (475 mg, 1.06 mmol) was dissolved in 5 mL 1,4-dioxane
and 1 mL H218O and Amberlyst 15 was added. The solution was stirred for 24 hours and the
equilibrium between labeled and unlabeled species was monitored by LQIT MS. After equilibrium
had been reached, the reaction mixture was filtered and the filtrate was concentrated in vacuo and
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used in the next step without further purification. ESI HRMS: m/z calcd for C27H28NaO518O [M +
Na]+ 473.1821, found 473.1799.
Benzyl 2,3-Di-O-benzyl-4[18O],6-ol-β–D–glucopyranoside (G5)
This procedure was adapted from literature.13 A solution of labeled galactouloside G4 in
10 mL dichloroethane was cooled to 0 °C and triacetoxylborohydride (633 mg, 3.18 mmol) was
added. The reaction was allowed to occur for an hour and was then allowed to warm up to room
temperature. The reaction mixture was concentrated in vacuo and chromatographed (hexane:ethyl
acetate = 1:1) to give G5 (355 mg, 74% yield in two steps) to yield a colorless syrup. 1H NMR
(800 MHz, Methanol-d4) δ 7.39 – 7.20 (m, 15H), 4.95 (dd, J = 12.0, 3.5 Hz, 1H), 4.91 – 4.83 (m,
2H), 4.81 (d, J = 3.3 Hz, 1H), 4.66 (ddd, J = 23.1, 11.4, 3.5 Hz, 2H), 4.54 (dd, J = 8.1, 3.4 Hz, 1H),
3.92 (dd, J = 11.9, 2.5 Hz, 1H), 3.71 (dt, J = 9.7, 4.9 Hz, 1H), 3.49 (dd, J = 11.1, 7.5 Hz, 1H), 3.45
(td, J = 9.0, 3.4 Hz, 1H), 3.35 (t, J = 8.4 Hz, 1H), 3.32 – 3.28 (m, 1H). 13C NMR (201 MHz,
Methanol-d4) δ 140.25, 139.90, 139.01, 129.42, 129.37, 129.32, 129.26, 129.19, 129.16, 129.10,
129.05, 128.95, 128.90, 128.78, 128.53, 128.44, 103.65, 85.91, 83.15, 77.85, 76.38, 75.70, 72.02,
71.72, 71.70, 62.71. ESI HRMS: m/z calcd for C27H30NaO518O [M + Na]+ 475.1977, found
475.1989.
Benzyl 2,3-Di-O-benzyl-4[18O]-ol-6-benzoyl-β–D–glucopyranoside (G6)
A solution of labeled galactoside G5 (175 mg, 0.387 mmol) in 5 mL DCM was cooled to
-40 °C. Benzoyl chloride (59.6 mg, 0.426 mmol) was added dropwise under vigorous stirring and
the reaction was allowed to continue for 30 min. The reaction was quenched by addition of 1mL
methanol, and the solvent was removed under vacuum. The residue was chromatographed
(hexane:ethyl acetate = 3:1) to give G6 (100 mg, 47%) as a colorless syrup. 1H NMR (800 MHz,
Methanol-d4) δ 8.08 – 8.03 (m, 2H), 7.56 (q, J = 6.0, 4.5 Hz, 1H), 7.44 (q, J = 7.8 Hz, 2H), 7.35 –
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7.14 (m, 14H), 4.89 – 4.78 (m, 5H), 4.69 (ddd, J = 9.4, 6.5, 2.9 Hz, 1H), 4.62 (ddd, J = 26.2, 10.9,
4.9 Hz, 2H), 4.54 (t, J = 5.6 Hz, 1H), 4.51 (dt, J = 9.8, 4.9 Hz, 1H), 3.65 – 3.58 (m, 2H), 3.49 (t, J
= 8.5 Hz, 1H), 3.39 (q, J = 8.0, 7.4 Hz, 1H). 13C NMR (201 MHz, Methanol-d4) δ 166.49, 138.81,
138.51, 137.33, 132.95, 129.96, 129.26, 128.23, 128.00, 127.85, 127.82, 127.69, 127.56, 127.47,
127.18, 127.11, 102.10, 84.37, 81.74, 75.13, 74.35, 73.90, 70.60, 70.55, 63.80. ESI HRMS: m/z
calcd for C34H34NaO618O [M + Na]+ 579.2239, found 579.2211.
Benzyl 2,3,4,6-Tetra-O-acetyl-β–D–[1-13C]glucopyranosyl-(1→4[18O])-2,3-di-O-benzyl6-benzoyl-β–D–glucopyranoside (G7)
A solution of glycosyl acceptor G6 (100 mg, 0.18 mmol) and donor peracetylated
glucopyranosyl trichloroacetimidate (107 mg, 0.216 mmol) in 10 mL anhydrous DCM was stirred
with activated molecular sieves (4Å) for 30 min at room temperature. A catalytic amount of
trimethylsilyl trifluoromethanesulfonate (TMSOTf, 12 μL, 0.068 mmol) was added into the
mixture and the reaction was allowed to continue for 30 min. TLC indicated complete conversion
of the starting material to the product. The reaction was quenched by the addition of triethyl amine.
The solvent was removed under vacuum and the residue was chromatographed to give G7 (130
mg, 81%) as a colorless syrup. 1H NMR (800 MHz, Chloroform-d) δ 8.09 (d, J = 7.8 Hz, 2H), 7.60
(t, J = 7.5 Hz, 1H), 7.48 (t, J = 7.7 Hz, 2H), 7.42 – 7.18 (m, 15H), 5.08 (p, J = 9.3 Hz, 2H), 5.00
(q, J = 7.9 Hz, 1H), 4.96 (d, J = 11.4 Hz, 1H), 4.89 (dt, J = 11.7, 8.3 Hz, 3H), 4.75 (d, J = 11.6 Hz,
1H), 4.69 – 4.61 (m, 3H), 4.53 (d, J = 7.7 Hz, 1H), 4.40 (dt, J = 11.5, 6.2 Hz, 1H), 4.10 (dt, J =
12.3, 5.6 Hz, 1H), 3.90 (td, J = 9.0, 4.4 Hz, 1H), 3.84 (d, J = 12.6 Hz, 1H), 3.71 – 3.63 (m, 2H),
3.56 – 3.51 (m, 1H), 3.41 (s, 1H), 2.06 (s, 3H), 1.98 (s, 3H), 1.96 (s, 3H), 1.95 (s, 3H). 13C NMR
(201 MHz, Chloroform-d) δ 170.54, 170.21, 169.42, 169.32, 166.05, 138.95, 138.21, 136.99,
133.37, 129.71, 128.60, 128.49, 128.33, 128.29, 128.12, 128.09, 126.97, 101.95, 101.36, 100.87,
100.68, 100.53, 98.15, 92.38, 91.75, 89.12, 82.54, 81.93, 80.16, 76.22, 74.88, 74.83, 73.08, 73.05,
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72.71, 71.92, 71.88, 70.96, 67.87, 63.20, 61.46, 61.43, 20.75, 20.70, 20.66, 20.61, 20.58. ESI
HRMS: m/z calcd for C4713CH52NaO1518O [M + Na]+ 910.3224, found 910.3212.
Benzyl β–D–[1-13C]glucopyranosyl-(1→4[18O])-2,3-di-O-benzyl-β–D–glucopyranoside
(G8)
The procedure for global deacetylation was detailed in the description of the synthesis of
CB5 (Chapter 3.4.4). The reaction product was purified by reversed phase column chromatography
(water:acetonitrile = 1:1) to give G8 (64 mg, 71% from G7)) as a colorless syrup. 1H NMR (800
MHz, Methanol-d4) δ 4.95 (d, J = 11.7 Hz, 1H), 7.42 – 7.23 (m, 15H), 4.98 (d, J = 10.2 Hz, 1H),
4.89 (d, J = 11.0 Hz, 1H), 4.75 – 4.65 (m, 3H), 4.57 (d, J = 7.7 Hz, 1H), 3.95 – 3.91 (m, 3H), 3.75
(d, J = 12.0 Hz, 1H), 3.63 (t, J = 9.4 Hz, 1H), 3.52 (dd, J = 12.2, 6.5 Hz, 1H), 3.41 (d, J = 9.8 Hz,
1H), 3.36 (q, J = 9.0 Hz, 2H), 3.22 (p, J = 9.2, 8.2 Hz, 4H). 13C NMR (201 MHz, Methanol-d4) δ
138.40, 138.23, 137.53, 128.17, 127.98, 127.84, 127.78, 127.68, 127.42, 127.40, 127.21, 102.27,
96.81, 92.55, 83.08, 81.61, 77.16, 76.54, 75.67, 75.54, 75.28, 74.59, 74.41, 74.35, 70.66, 70.64,
61.71, 59.96. ESI HRMS: m/z calcd for C3213CH40NaO1018O [M + Na]+ 638.2539, found 638.2526.
β–D–[1-13C]Glucopyranosyl-(1→4[18O])–D–glucopyranose (G9)
The procedure for global debenzylation was detailed in the description of the synthesis of
T9 (Chapter 3.3.7). Quantitative yield of G9 was obtained from G8. ESI HRMS: m/z calcd for
C1113CH22NaO1018O [M + Na]+ 368.1130, found 368.1156.

Synthesis of 18O-labeled Cellobiose (Scheme 3.5)

Scheme 3.5. The synthesis of reducing-end 18O-labeled cellobiose.
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Cellobiose was dissolved in 18O-enriched water (97%) and Amberlyst acid resin was added
as the catalyst. The solution was stirred overnight and terminated by removing the immobilized
acid. Solid product was collected in vacuo after removal of the solvent water. The labeling
efficiency was determined to be 75%.

Synthesis of the Methylenecyclopropenyl Cation Precursors (Scheme 3.6)

Scheme 3.6. The synthesis of methylenecyclopropenyl cation precursors.

5-(2,3-Diphenylcycloprop-2-en-1-ylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (P4)
This is a modified literature procedure.14 Dry dichloromethane (DCM) was added to AlCl3
(2.8 g, 4 eq.) in a flame-dried round bottom flask. The solution was stirred at 0 oC for 30 min, and
then tetrachlorocyclopropene (650 uL, 942 mg, 5.35 mmol, 1eq.) was added dropwise over the
course of 5 minutes. The resulting suspension turned yellow and was stirred at 0 oC for an
additional 10 minutes. To this stirred yellow suspension, benzene (1000 mg, 1.141 mL, 12.84
mmol, 2.4 eq.) was added. This resulted in a further color change of the solution to a deep
red/orange. This reaction mixture was stirred at 0 oC for another 90 min. The reaction was then
quenched slowly with saturated ammonium chloride solution and extracted with DCM and washed
with brine. The residue was collected in vacuo and purified by silica gel column choromatography
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(hexane:acetone = 1:1), and then recrystallized in ethyl acetate and hexane to afford the product
diphenyl cyclopropenone (1.2 g, 84%) as white crystals.
Above diphenyl cyclopropenone was dissolved in thionyl chloride and the solution was
stirred at 50 oC for an hour. The solvent was removed by vacuum and the residue was dried in
vacuo to afford a syrup-like product 1,1-dichloro-2,3-diphenyl cyclopropene, which was used in
the next step without further purification.
The next procedure was adapted from literature.15 Meldrum’s acid (70 mg, 0.48 mmol) was
added into a solvent mixture (10 mL) of dry DCM and triethylamine (10:1). The mixture was
stirred for 30 min and then a DCM solution (1mL) of 1,1-dichloro-2,3-diphenyl cyclopropene (136
mg, 0.47 mmol) was added dropwise under an argon flow. The mixture, which rapidly developed
a dark orange color, was stirred at ambient temperature for 30 min. This reaction mixture was
directly loaded to a silica gel column and eluted with DCM. The product was purified by
recrystallization in DCM and hexane (1:1) to afford the titled compound P4 (60 mg, 35% yield)
as needle-shaped crystals. 1H NMR (800 MHz, Chloroform-d) δ 8.65 (d, J = 7.5 Hz, 4H), 7.72 –
7.63 (m, 6H), 1.79 (s, 6H). 13C NMR (201 MHz, CDCl3) δ 164.35, 142.40, 141.80, 134.15, 134.09,
129.46, 122.93, 103.43, 27.02. The X-ray crystallography data is listed in Table and the crystal
structure is shown in Figure 3.1.
5-(2,3-Di-p-tolylcycloprop-2-en-1-ylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (P5)
P5 was synthesized using toluene as the starting material and the same procedure that was
used to synthesize P4. 19% overall yield. 1H NMR (800 MHz, Chloroform-d) δ 8.50 (d, J = 7.9
Hz, 4H), 7.41 (d, J = 7.9 Hz, 4H), 2.47 (s, 6H), 1.78 (s, 6H). 13C NMR (201 MHz, CDCl3) δ 164.43,
145.31, 141.88, 140.83, 134.15, 131.51, 130.16, 130.02, 120.23, 103.23, 26.99, 22.06.
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5-(2,3-bis(4-methoxyphenyl)cycloprop-2-en-1-ylidene)-2,2-dimethyl-1,3-dioxane-4,6dione (P6)
P6 was synthesized using anisole as the starting material by using the same procedure as
used for synthesis of P4. 23% overall yield. 1H NMR (800 MHz, Chloroform-d) δ 8.61 (d, J = 7.9
Hz, 4H), 7.10 (d, J = 7.9 Hz, 4H), 3.93 (s, 6H), 1.78 (s, 6H). 13C NMR (201 MHz, CDCl3) δ 164.58,
164.08, 140.77, 139.09, 136.41, 115.64, 114.89, 103.08, 55.62, 26.93.
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Table 3.1. X-ray crystallography data for P4
diphenyl_cyclopropenenone_meldrum acid
Crystal data
Chemical formula

C21H16O4

Mr

332.34

Crystal system, space
group

Orthorhombic, Pna21

Temperature (K)

150

a, b, c (Å)

28.2788 (19), 5.6571 (3), 20.3015 (12)

V (Å3)

3247.8 (3)

Z

8

Radiation type

Mo K

 (mm-1)

0.09

Crystal size (mm)

0.55 × 0.03 × 0.03

Data collection
Diffractometer

Bruker AXS D8 Quest CMOS
diffractometer

Absorption correction

Multi-scan
SADABS 2016/2: Krause, L., Herbst-Irmer, R., Sheldrick G.M. & Stalke
D., J. Appl. Cryst. 48 (2015) 3-10

Tmin, Tmax

0.665, 0.746

No. of measured,
independent and
observed [I > 2(I)]
reflections

19296, 7711, 5110

Rint

0.047

(sin /)max (Å-1)

0.676

Refinement
R[F2 > 2(F2)],
wR(F2), S

0.057, 0.144, 1.01

No. of reflections

7711

No. of parameters

457

No. of restraints

1

H-atom treatment

H-atom parameters constrained

max, min (e Å )

0.27, -0.27

Absolute structure

Refined as an inversion twin.

Absolute structure
parameter

-0.5 (16)

-3
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Figure 3.1. The crystal structure of P4.
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DIFFERENTIATING DEPROTONATED ISOMERIC
GLUCURONIDE DRUG METABOLITES BY USING ION/MOLECULE
REACTIONS IN TANDEM MASS SPECTROMETRY

Introduction
Drug metabolism is a major detoxification method that the human body employs to remove
xenobiotics – substances that are foreign to biological systems.1 The two most important phases in
drug metabolism are phase I (modification) and phase II (conjugation).2 In phase I metabolism,
xenobiotics are often oxidized by the enzyme cytochrome P450 and its cofactor nicotinamide
adenine dinucleotide phosphate (NADPH) to become more polar;3 such oxidized xenobiotics are
often referred to as activated metabolites.4 Phase II metabolism, on the other hand, forms
conjugates either with the drug molecule (independent of phase I metabolism), or with activated
metabolites following phase I metabolism.5 One of the most common conjugation reactions is
glucuronidation, which is catalyzed by the super family of uridine diphosphate glucuronsyl
transferases (UGT) and their cofactor uridine diphosphate glucuronic acid (UDPGA) (Figure 4.1).6

Figure 4.1. Transfer of glucuronic acid from UDPGA to darunavir catalyzed by UGT in phase II
metabolism.
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More than 20% of FDA-approved drugs undergo glucuronidation as a major metabolic
pathway, producing water-soluble glucuronides that can then be excreted in bile or urine.7
Glucuronidation can occur at amino or hydroxyl or carboxylic acid. Even for drug molecules that
do not initially contain such functional groups, oxidation during phase I metabolism can form
activated metabolites that are susceptible to glucuronidation.8,9 More importantly, when drug
molecules or activated metabolites contain amino, hydroxyl, and carboxylic acid groups,
glucuronidation can occur at any site, forming isomeric glucuronides.9,10 This research project
focuses on the differentiation of N-glucuronides and O-glucuronides (example given in Figure 4.1).
The identification of acyl glucuronide was achieved in another project in collaboration with
Edouard Niyonsaba, and therefore is not covered here.
Different glucuronide isomers can have different pharmacological, toxicological, and
pharmacokinetic profiles. For example, some glucuronides have been associated with druginduced toxicity, leading to withdrawal of the drug from the market.11 Some glucuronides have
also been shown to shorten the half-life of drugs, resulting in decreased efficacies.12 Short halflives of drugs are often compensated for by administering a higher dosage of the drug and/or
administering it at a higher frequency, which often lead to adverse effects.13 The drawbacks of
glucuronidation can sometimes be mitigated by targeted chemical modification of a drug to block
the glucuronidation site.13
For above reasons, numerous research efforts have focused on differentiating glucuronide
isomers. For example, selective acetylation in the liquid phase followed by determining the number
of acetyl groups added has been explored to differentiate carvedilol N- and O-glucuronides.10
However, such derivatization is time-consuming, and this approach has only proven to work for
carvedilol. Other studies have utilized NMR for more conclusive structural identification of
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glucuronides;14 however, NMR analysis often requires extensive purification, which may not be
practical and is definitely not high-throughput. On the other hand, liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) has been used extensively for metabolite research
due to its ability to analyze complex mixtures and its ease of automation.15 However, tandem mass
spectrometry-based differentiation of isomeric glucuronides has proven difficult because different
isomers often exhibit the same fragmentation patterns in collision-activated dissociation (CAD).
For example, CAD of deprotonated carvedilol O- and N-glucuronides resulted in the same
fragment ions, preventing the differentiation of the two isomers (Figure 4.2). Moreover, even in
cases where the CAD fragmentation of the isomers appears different, pure authentic compounds
are often required for definitive identification of the structures.16 However, these authentic
compounds are not always accessible.
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Figure 4.2. ESI(-) CAD mass spectra of deprotonated carvedilol N- and O-glucuronide at
collision energies of 20 and 22 (arbitrary unit), respectively. Spectra collected by Zaikuan Josh
Yu.
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To overcome above drawbacks and develop a better MS/MS tool for differentiating
isomeric glucuronides, a novel ion/molecule reaction was identified. This research was carried out
in collaboration with my contemporaries Edouard Niyonsaba, Dr. Mckay Easton and Dr. John
Kong, and Merck scientists Dr. Huaming Sheng and Dr. Zhoupeng Zhang. Specifically, reactions
of the chemical reagent trichlorosilane (HSiCl3) with deprotonated N- and O-glucuronides was
found to produce different product ions, which can be used to unambiguously differentiate between
N- and O-glucuronide isomers. One of the greatest advantages of this analytical technique is that
it does not require synthetic standards or isolated pure compounds and it can be high-throughput.

Experimental Section
Materials. Darunavir O-glucuronide was purchased from Sussex Research (Ottawa, Ontario,
Canada). 4-Nitrophenol O-glucuronide and trichlorosilane were purchased from Sigma-Aldrich
(St. Louis, MO). All other N- and O-glucuronides were purchased from Toronto Research
Chemicals (Toronto, Ontario, Canada). All chemicals were used as received without further
purification. All glucuronide samples were prepared as 10 µM solutions in methanol and stored
under -20 °C. Trichlorosilane is a corrosive and volatile chemical that has a boiling point of 31.8 °C.
Therefore, caution must be exercised when handling it at room temperature.
Instrumentation for studies of ion/molecule reactions. The ion/molecule reactions were
studied using a linear quadrupole ion trap mass spectrometer (Chapter 2.3) coupled with a homebuilt external reagent inlet manifold.17 The glucuronide samples were introduced via direct
injection at a rate of 10 µL/min into the ESI source and ionized by deprotonation in negative ion
mode. The instrument optics were tuned for each different analyte ion (deprotonated glucuronide)
to obtain the optimal signal-to-noise ratio. The ion of interest was isolated in the ion trap using an
isolation waveform with an isolation width of 2 units. Meanwhile, the chemical reagent HSiCl 3
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was introduced into the external reagent inlet manifold at a rate of 3 µL/hr, mixed with ultra-pure
helium, and diffused into the ion trap to react with the isolated deprotonated glucuronides. The
reaction time was set to 30 ms, and an average of 10 mass spectra were obtained during the
ion/molecule reactions. Due to the small amount of HSiCl3 introduced, no harmful effects to the
instrument have been observed. More detailed descriptions of instrumentation and procedures for
conducting ion/molecule reactions can be found in the literature.17
Quantum chemical calculations. All density functional theory (DFT) computations were
performed with the Gaussian09 program18 using the M06-2X functional and the 6-311++G(d,p)
basis set. All calculations were performed by Dr. Mckay Easton. All geometry optimizations were
followed by a full Hessian calculation to guarantee that minima had all positive eigenvalues and
that the transition state structures possessed only one negative eigenvalue. Intrinsic reaction
coordinate (IRC) calculations were performed to ensure that all appropriate reactants and products
were associated with the transition state. For the calculated potential energy surfaces, Gibbs free
energy values are given by using ideal gas statistical mechanics.
High performance liquid chromatography (HPLC). The HPLC experiments were
performed on a Thermo Surveyor HPLC system coupled to a linear quadrupole ion trap mass
spectrometer (Chapter 2.3). A 25 µL volume of a mixture of glucuronides in a methanol water 1:1
(v/v) solution was injected into the HPLC via an autosampler. The mobile phase consisted of water
(mobile phase A) and methanol (mobile phase B), both containing 0.1% formic acid. An Agilent
ZORBAX SB-C18 5 µm, 4.6 × 250 mm column was used. It was equilibrated for 20 min before
the first injection. The column temperature was set to 27 °C, and the LC flow rate was set to 4
mL/min. The gradient was programmed to ramp the mobile phase B from 5% to 80% in 40 min.
The eluted glucuronides were subsequently ionized by ESI in negative ion mode.
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Results and Discussion
Due to their carboxylic acid functionalities, glucuronides are easily ionized by ESI in
negative mode. Only one type of ion, a deprotonated glucuronide, was observed. When these
anions were allowed to react with HSiCl3, deprotonated O-glucuronides produced an adduct that
had lost an HCl molecule ([M – H + HSiCl3 – HCl]-) as a primary product ion. This [M – H +
HSiCl3 – HCl]- product ion was also occasionally observed for deprotonated N-glucuronides.
However, deprotonated N-glucuronides also formed another product ion: an adduct that had lost
two HCl molecules ([M – H + HSiCl3 – 2HCl]-). This [M – H + HSiCl3 – 2HCl]- product ion was
only observed for N-glucuronides and therefore can be used to differentiate N-glucuronides from
O-glucuronides. For example, upon ion/molecule reactions with HSiCl3, deprotonated carvedilol
N-glucuronide yielded the diagnostic [M – H + HSiCl3 – 2HCl]- product ion, but carvedilol Oglucuronide did not (Figure 4.3). Interestingly, in addition to forming [M – H + HSiCl3 – 2HCl]and [M – H + HSiCl3 –HCl]- ions, some N-glucuronides also formed a [M – H + HSiCl3 – 3HCl]ion. Based on the reaction kinetics (Figure 4.4), the [M – H + HSiCl3 – 3HCl]- is a secondary
product generated from [M – H + HSiCl3 – 2HCl]- product ions. Since this [M – H + HSiCl3 –
3HCl]- product ion was not observed for the reactions of O-glucuronides, it may also be used as a
“back-up” diagnostic ion for identifying N-glucuronides if it is formed. Non-informative product
ions were also formed; these include an HCl adduct ([M – H + HCl]-) and a hydrolysis product
([M-H +HSiCl3 – HCl – Cl + OH]-). This hydrolysis product is likely formed upon partial
hydrolysis of the [M – H + HSiCl3 – HCl]- product ion due to water in the ion trap (replacing Cl
with OH). Overall, these non-informative product ions are only generated in small quantities, and
therefore do not interfere with the formation of the diagnostic product ions. The primary and
secondary products of the ion/molecule reactions of deprotonated N- and O-glucuronides are
summarized in Table 4.1.

Table 4.1. Primary and secondary product ions formed upon reactions of deprotonated N- and O-glucuronides, as well as deprotonated
glucuronic acid, with HSiCl3. Product branching ratios are reported for primary products only. Data collected by Zaikuan Josh Yu
O-Glucuronides
(m/z of deprotonated analyte)

2-Aminophenol O-β-ᴅ-glucuronide
(284)

Dopamine
(328)

4-O-β-ᴅ-glucuronide

1o ionic reaction products (m/z)
and their branching ratios
2o

ionic reaction products

[M-H+HCl]ˉ (320)
29%
[M-H+HSiCl3-HCl]ˉ (382) 71%
Hydrolysisb (2o)

2o ionic reaction products

[M-H+HSiCl3-2HCl]ˉ (455) 94%
[M-H+HSiCl3-HCl]ˉ (491)
6%

Meprobamate N-β-ᴅ-glucuronide (393)

[M-H+HCl]ˉ (364)
10%
[M-H+HSiCl3-HCl]ˉ (426) 90%
Hydrolysisb (2o)

[M-H+HCl]ˉ (552)
32%
[M-H+HSiCl3-HCl]ˉ (614) 68%
Hydrolysisb (2o)

Propafenone O-β-ᴅ-glucuronide
(516)

Raloxifene 4-O-β-ᴅ-glucuronide
(648)

N-Glucuronides
(m/z of deprotonated analyte)

1o ionic reaction products (m/z)
and their branching ratios

[M-H+HCl]ˉ (683)
22%
[M-H+HSiCl3-HCl]ˉ (746) 78%
Hydrolysisb (2o)

Dapsone N-β-ᴅ-glucuronide
(423)

Rasagiline N-β-ᴅ-glucuronide
(346)

[M-H+HCl]ˉ (459)
2%
[M-H+HSiCl3-2HCl]ˉ (485) 97%
[M-H+HSiCl3-HCl]ˉ (521)
1%

[M-H+HCl]ˉ (382)
25%
[M-H+HSiCl3-2HCl]ˉ (408) 53%
[M-H+HSiCl3-HCl]ˉ (444) 22%
Hydrolysisb (2o)

[M-H+HCl]ˉ (434)
1%
[M-H+HSiCl3-2HCl]ˉ (461) 99%

PhIP N-β-ᴅ-glucuronide
(399)
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Table 4.1 continued
O-Glucuronides
(m/z of deprotonated analyte)

1o ionic reaction products (m/z)
and their branching ratios
2o

ionic reaction products

1o ionic reaction products (m/z)
and their branching ratios

N-Glucuronides
(m/z of deprotonated analyte)

2o ionic reaction products

[M-H+HCl]ˉ (619)
13%
[M-H+HSiCl3-HCl]ˉ (682) 87%
Hydrolysisb (2o)

Ezetimibe O-β-ᴅ-glucuronide
(584)

[M-H+HCl]ˉ (513)
1%
[M-H+HSiCl3-2HCl]ˉ (540) 99%

Retigabine N-β-ᴅ-glucuronide
(478)

[M-H+HCl]ˉ (617)
5%
[M-H+HSiCl3-2HCl]ˉ (643) 71%
[M-H+HSiCl3-HCl]ˉ (679) 24%
[M-H+HSiCl3-3HCl]ˉ (2o)

[M-H+HCl]ˉ (617)
22%
[M-H+HSiCl3-HCl]ˉ (679) 78%
Hydrolysisb (2o)

Carvedilol O-β-ᴅ-glucuronide (581)

Carvedilol N’-β-ᴅ-glucuronide (581)

[M-H+HCl]ˉ (758)
1%
[M-H+HSiCl3-HCl]ˉ (820) 99%
Hydrolysisb (2o)

Darunavir O-β-ᴅ-glucuronide
(722)

O-β-ᴅ-

Darunavir N-β-ᴅ-glucuronide
(722)

[M-H+HCl]ˉ (598)
74%
[M-H+HSiCl3-HCl]ˉ (660) 26%
Hydrolysisb (2o)

[M-H+HCl]ˉ (598)
[M-H+HSiCl3-HCl]ˉ (660)
Hydrolysisb (2o)

4-Hydroxytamoxifen
glucuronidec (562)

59%
41%

N-β-ᴅ-
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4-Hydroxytamoxifen
glucuronide
(562)

[M-H+HSiCl3-2HCl]ˉ (784) 75%
[M-H+HSiCl3-HCl]ˉ (820) 25%
[M-H+HSiCl3-3HCl]ˉ (2o)

Table 4.1 continued
O-Glucuronides
(m/z of deprotonated analyte)

1o ionic reaction products (m/z)
and their branching ratios
2o ionic reaction products

[M-H+HCl]ˉ (496)
36%
[M-H+HSiCl3-HCl]ˉ (558) 64%
Hydrolysisb (2o)

Morphine 6-O-β-ᴅ-glucuronide
(460)

N-Glucuronides
(m/z of deprotonated analyte)

Glucuronic acid
(193)

1o ionic reaction products (m/z)
and their branching ratios
2o ionic reaction products

[M-H+HSiCl3-2HCl]ˉ (255) 98%
[M-H+HSiCl3-HCl]ˉ (291) 2%
[M-H+HSiCl3-3HCl]ˉ (2o)

104

105
[M-H]Relative Abundance

[M-H+HSiCl3-HCl]-

581

100

679
80

*Hydrolysis

60

[M-H+HCl]-

40

617
619

Carvedilol O-β-ᴅ-glucuronide
MW 582 (M)

20

0
450

500

550

[M-H]-

663
665

683

650

700

750

581

100

Relative Abundance

600
m/z

681

661

[M-H+HSiCl3-2HCl]-

80

643

60

[M-H+HSiCl3-3HCl]607

40

645
20

Carvedilol N’-β-ᴅ-glucuronide
MW 582 (M)

0
450

500

617
619
550

600
m/z

650

[M-H+HSiCl3-HCl]679
681
683

705
700

750

Figure 4.3. Mass spectra measured for deprotonated carvedilol O- and N-glucuronides after 30
ms reaction with HSiCl3.

Figure 4.4. Semilogarithmic plot of the relative abundances of the reactant ions (a deprotonated
glucuronide) and its product ions formed upon reactions with HSiCl3 as a function of time. Data
collected by Zaikuan Josh Yu.

106
To propose reaction mechanisms for the formation of the product ions [M – H + HSiCl3 –
HCl]- and [M – H + HSiCl3 – 2HCl]-, density functional theory calculations were performed on
simple model compounds by Dr. Mckay Easton: deprotonated methyl O-glucuronide and methyl
N-glucuronide. The mechanism that leads to the formation of [M – H + HSiCl3 –HCl]- is proposed
to be initiated by nucleophilic addition of the carboxylate to the silicon center of HSiCl3, forming
a covalent adduct that has a penta-coordinated silicon center (Figure 4.5). Next, the 4-OH group,
which is in close proximity to the silicon center, displaces a chloride leaving group. The
corresponding transition state is calculated to be 5.5 kcal/mol lower in energy than the separated
reactants for methyl O-glucuronide, and 15.2 kcal/mol for N-glucuronide. Finally, the displaced
chloride takes the proton from the 4-OH group and leaves in the form of HCl, forming the [M – H
+ HSiCl3 –HCl]- product ion. The potential energy surfaces indicate that this reaction mechanism
is feasible for both N- and O-glucuronides, as well as for underivatized glucuronic acid, since the
mechanism does not involve the anomeric group.
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Figure 4.5. Calculated free energy surfaces for the formation of [M – H + HSiCl3 – HCl]- upon
reactions of HSiCl3 with deprotonated N- (blue) and O-glucuronides (red), as well as
deprotonated glucuronic acid (black). Calculations performed by Dr. Mckay Easton.
For the mechanism that leads to the formation of the diagnostic product ion [M – H +
HSiCl3 – 2HCl]-, calculations suggest a different pathway that involves the anomeric group (Figure
4.6). This mechanism is proposed to start with adduct formation, followed by migration of one of
the chlorides to the anomeric N-atom that has a hydrogen atom attached (as opposed to the 4-OH
in the previous mechanism). Through a concerted mechanism, the chloride takes the N-H proton
and leaves as an HCl molecule, the pyranose ring is opened, and a covalent bond forms between
the endocyclic oxygen and the silicon atom. However, due to the absence of a hydrogen attached
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to the anomeric group, this pathway is unlikely to occur for O-glucuronides. After pyranose ring
opening, the structure of the ion becomes more flexible, which allows another nucleophilic
addition from an adjacent hydroxyl group to the silicon atom and eventually leads to elimination
of another HCl molecule. This ring opening mechanism is supported by the fact that the
underivatized, deprotonated glucuronic acid also forms the diagnostic [M – H + HSiCl3 – 2HCl]product ion due to its ability to undergo ring-opening. Therefore, based on the calculations, the
mechanism that leads to the formation of [M – H + HSiCl3 – 2HCl]- is likely in competition with
the other pathway that leads to the [M – H + HSiCl3 –HCl]- product ion, which explains the
occasional observation of both product ions in the reactions of N-glucuronides. It is important to
note that the mere presence of another nucleophilic functionality in O-glucuronides is not sufficient
to produce the diagnostic [M – H + HSiCl3 – 2HCl]- product ions (which would give false positive
results). For example, O-glucuronides with a nearby nucleophilic functional group, including 2aminophenol, carvedilol, and dopamine O-glucuronides, do not form the [M – H + HSiCl3 – 2HCl]product.
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Figure 4.6. Calculated free energy surfaces for the formation of diagnostic [M – H + HSiCl3 –
2HCl]- from the reactions of HSiCl3 with deprotonated secondary N-glucuronide (blue) and
glucuronic acid (black). Calculations were performed by Dr. Mckay Easton.
The above mechanism leading to the formation of the [M – H + HSiCl3 – 2HCl]- product
ion requires the N-glucuronides to be secondary so that an anomeric N-H group is present. For
tertiary N-glucuronides, the absence of the anomeric N-H group prevents this pathway; however,
tertiary N-glucuronides (e.g., carvedilol and darunavir N-glucuronide) nevertheless generated the
diagnostic [M – H + HSiCl3 – 2HCl]- product ion. Therefore, another mechanism must be
operational for tertiary N-glucuronides. As shown in Figure 4.7 (black energy surfaces), DFT
calculations suggest that deprotonated tertiary N-glucuronides can undergo a four-step reaction
pathway to form the [M – H + HSiCl3 – 2HCl]- product ion. These four steps are: addition to
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HSiCl3, opening of the pyranose ring, furanosyl cyclization, and bicyclization. In the first step,
nucleophilic attack of the carboxylate at the silicon center leads to the formation of a covalent
adduct. In the absence of a hydrogen bound to the anomeric N-atom, one of the chloride atoms
migrates to the 2-OH group adjacent to the anomeric carbon. This in turn stabilizes the positive
charge on the anomeric carbon, allowing an iminium ion to form. In the second step (ring-opening),
the formation of the C-N double bond opens the pyranose ring and a covalent bond is formed
between the silicon atom and the endocyclic oxygen. The product is a triply charged species with
a net negative charge. In the third step (furanosyl cyclization), the open-chain glucuronide is
flexible, which allows a nearby nucleophilic hydroxyl group to attack the anomeric carbon. This
results in a loss of an HCl molecule and the formation of a five-membered furanose. In the last
step (bicyclization), another adjacent hydroxyl group displaces a HCl leaving group, forming a
caged structure – bicyclic trioxosilane.
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Figure 4.7. Calculated free energy surfaces for the formation of [M – H + HSiCl3 – 2HCl]- from
the reactions of HSiCl3 with deprotonated tertiary N-glucuronide (black) and deprotonated
methyl O-glucuronide (red). Calculations were performed by Dr. Mckay Easton.
To explain the absence of [M – H + HSiCl3 – 2HCl]- in the reactions of deprotonated Oglucuronides, a mechanism analogous to the above four-step reaction was examined
computationally (Figure 4.7, red energy surfaces). Surprisingly, all the steps of this reaction are all
below the separated reactants, suggesting that the reactions of O-glucuronides should also form
the [M – H + HSiCl3 – 2HCl]- product, contradictory to the experimental results. However, a
detailed inspection of the highest energy transition state revealed that, during furanosyl cyclization,
the chlorine is covalently bound to the anomeric carbon and therefore requires more internal energy
to overcome the barrier and leave as an HCl molecule, compared to the loosely bonded Cl in the
case of tertiary N-glucuronides. In addition, the fact that this transition state is only 2.3 kcal/mol
below the energy surface of the separated reactants suggests that, in addition to kinetics, steric
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factors may also play an important role in this reaction. Indeed, by replacing the methyl group in
methyl O-glucuronide with a phenyl group, which is more representative of drug metabolites, the
transition state energy increased to 7.2 kcal/mol, well above the energy level of the separated
reactants, implying that this reaction cannot occur under these conditions. Therefore, no false
positive results are expected for O-glucuronides, with the exception of methyl O-glucuronide.
Besides secondary and tertiary N-glucuronides, cationic quaternary N-glucuronides are
also common drug metabolites and should therefore be considered. Owing to the cationic nature,
quaternary N-glucuronides are generally not ionized in negative ion mode. However, with the
assistance of ammonium hydroxide dopant, a triply charged, overall negatively charged quaternary
N-glucuronide can be generated (Figure 4.8). The reactions of this ion with HSiCl3 were found to
produce only [M – H + HSiCl3 – HCl]- and no diagnostic [M – H + HSiCl3 – 2HCl]- product ion.
Although a false negative result, this finding supports the proposed mechanism because quaternary
N-glucuronides do not have a lone pair of electrons on the anomeric N-atom and therefore cannot
undergo ring-opening. Thus, quaternary N-glucuronides cannot be identified using this method;
however, they can be easily differentiated from other N-glucuronides and O-glucuronides because
they are not ionized in negative mode without a strongly basic dopant (instead they are easily
ionized in positive mode).

Figure 4.8. Base-dopant assisted deprotonation of a cationic quaternary N-glucuronide generates
a negative ion that does not produce the diagnostic [M – H + HSiCl3 – 2HCl]- upon reactions
with HSiCl3 due to its inability to undergo ring opening.
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To enable high-throughput analysis and demonstrate the practicality of this ion/molecule
reaction approach, an on-line LC/MS/MS experiment was performed by using an HPLC coupled
with an LQIT mass spectrometer equipped with an external reagent mixing manifold (Figure 4.9).
An artificial mixture of six glucuronides, including two pairs of isomers (carvedilol N- and Oglucuronides and darunavir N- and O-glucuronides), as well as acetaminophen O-glucuronide and
dapsone N-glucuronide, were separated on a C18 column. The eluted glucuronides were
subsequently ionized by ESI in the negative ion mode, their ions isolated in the ion trap and
allowed to react with HSiCl3 for 30 ms. The formation of the [M – H + HSiCl3 –HCl]- and [M – H
+ HSiCl3 – 2HCl]- product ions was monitored. Each glucuronide component in the mixture
reacted with HSiCl3 in the same way as the directly-injected individual model compound.
Specifically, the three N-glucuronides (i.e., dapsone, carvedilol, and darunavir N-glucuronides)
produced the diagnostic [M – H + HSiCl3 – 2HCl]- product ion; while the three O-glucuronides
(i.e., acetaminophen, carvedilol, darunavir O-glucuronides) only produced the [M – H + HSiCl3 –
2HCl]- product ion. Interestingly, the peaks corresponding to ionized carvedilol O-glucuronides
were found in the chromatogram. This result indicates the existence of two isomers, which is likely
due to carvedilol manufactured as a racemic mixture and therefore the formation of diastereomeric
glucuronide conjugates. Notably, carvedilol N-glucuronide was found in between the two Oglucuronide peaks, and might have been otherwise unnoticeable by using conventional LCMS/MS. The other pair of isomeric glucuronides – darunavir N- and O-glucuronides – are not
resolved in the chromatogram. Nevertheless, the earlier half of the peak (with retention time 31.131.6 min) was identified corresponding to darunavir N-glucuronide due to the formation of the
diagnostic [M – H + HSiCl3 – 2HCl]- product ion for this analyte in the mass spectrometer after
ionization whereas the latter half of the peak corresponds to darunavir O-glucuronide since it only
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produced [M – H + HSiCl3 –HCl]- product ion in the mass spectrometer after ionization. The
observation of glucuronic acid (with retention time 5.02-5.12 min) is likely due to some unstable
glucuronides getting hydrolyzed in the LC column. Overall, unambiguous identification of N- and
O-glucuronides was achieved in a high-throughput fashion using HPLC-MS/MS coupled with
ion/molecule reactions.
Ions that ONLY produce [M-H+HSiCl3-HClˉ]
Ions that produce [M-H+HSiCl3-2HClˉ]
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Figure 4.9. HPLC/MS/MS selected ion (m/z 193, 326, 423, 581, 722) chromatogram of a mixture
of glucuronide model compounds. HPLC gradient was programmed at a flow rate 4 mL/min
from 5% to 80% of solvent B in 40 min. The eluted glucuronides were subsequently ionized by
ESI in negative mode, isolated in the ion trap and allowed to react with HSiCl3 for 30 ms. The
analyte ions that formed only [M – H + HSiCl3 –HCl]- are color-coded red whereas ions that
formed [M – H + HSiCl3 – 2HCl]- are color-coded blue.
Conclusions
A novel ion/molecule reaction using the chemical reagent HSiCl3 was developed to
differentiate N- and O-glucuronides – some of the most common metabolites produced in phase II
drug metabolism. A diagnostic [M – H + HSiCl3 – 2HCl]- product ion was observed for
deprotonated secondary and tertiary N-glucuronides but not for O-glucuronides, providing the
basis for the differentiation. To the best of our knowledge, this is the first unambiguous
differentiation of N- and O-glucuronides that does not require pure model compounds.
Furthermore, the possible mechanisms that lead to the formation of [M – H + HSiCl3 –HCl]- and
[M – H + HSiCl3 – 2HCl]- product ions from N- and/or O-glucuronides were explored using DFT
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calculations. Coupling of HPLC-MS/MS with this ion/molecule reaction allows high-throughput
analysis of a complex glucuronide metabolite mixture.
My contributions to this project included the discovery of HSiCl3 as a chemical reagent for
ion/molecule reactions, performing ion/molecule reaction experiments, and writing the manuscript
for publication.
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IN-SITU BIOSYNTHESIS OF 18O-LABELED INTERNAL
STANDARDS BY CARBOXYLESTERASE

Introduction
Mass spectrometry coupled with ultra high-performance liquid chromatography (UPLC-MS)
has been extensively applied to drug metabolite research, owing to its ultra-high sensitivity, high
throughput, and ease of automation.1,2 For example, for unknown metabolite identification
(MetID), UPLC-high-resolution mass spectrometry is often used to study metabolite mixtures and
provide molecular formula.3 For quantitation of known metabolites, on the other hand, UPLCtandem mass spectrometry (MS/MS) using triple quadrupole mass spectrometers is often utilized
instead.4 This metabolite quantitation can be used to determine the rate of metabolite formation,
which is critical for pharmacokinetic studies.5 This study focuses on the quantitative aspect of
metabolite research.
UPLC-MS/MS based quantitation of drug metabolites is often complicated by the widely
varying ionization efficiencies of structurally diverse analytes.6 Therefore, pure authentic
compounds are required to build a “standard curve” to establish the relationship between the
concentration of the analyte and its mass spectrometry response.7 These authentic compounds are
called external standards and are often obtained from de novo synthesis or purification from natural
resources. However, variations in the signal response of individual samples due to analyte ion
suppression or enhancement in the presence of solvent matrices (e.g., organic solvent, biofluids)
can impede accurate quantitation. Therefore, a spiked internal standard is often required to
compensate for these matrix effects and improve accuracy. There are generally three categories of
internal standards – radioisotope-labeled internal standards, stable isotope-labeled internal
standards, and structural analogues.8,9 Radioisotope-labeled internal standards are compounds
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labeled with radioactive isotope(s), such as 3H and 14C. They are synthesized by incorporating the
isotope at the core motif of the chemical structure, which remains unchanged after the molecule
gets metabolized (i.e., the radioisotope is completely recovered in the metabolites). However, the
measurement of these radioisotope-labeled internal standards often requires special equipment and
handling. Stable isotope-labeled internal standards, on the other hand, are enriched with
nonradioactive isotopes, including 2H, 13C, and 15N. These stable isotope-labeled internal standards
are expected to have identical ionization efficiencies as well as chromatographic behavior
compared to the unlabeled compounds. More importantly, the different mass-to-charge ratio of the
ionized labeled compounds compared to their unlabeled counterparts provides the basis for mass
spectrometric reference.10 However, these radioisotope- and stable isotope-labeled internal
standards are often generated by chemical synthesis that requires expensive isotope-labeled
starting materials and extensive purifications. Therefore, as a compromise, the third category of
internal standard – structural analogues – are sometimes used instead due to the inaccessibility of
these labeled internal standards.10 These structural analogues are compounds that share structural
similarity to the analytes, and therefore are expected to have similar mass spectrometric and
chromatographic behavior compared to the analytes. However, the use of structural analogues is
not always reliable because they sometimes fail to provide the desired UPLC-MS/MS responses
(i.e., they do not always coelute with the analyte and/or have different ionization efficiencies).10
Although considered inferior to isotope-labeled internal standards, structural analogues remain the
most widely used internal standards. To address the challenge in accessing stable isotope-labeled
internal standards, this chapter will focus on an improved synthesis of
standards, a type of stable isotope-labeled internal standards.

18

O-labeled internal
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Since most isotope-labeling, including 2H-,
synthesis. In comparison,

18

13

C-, and

15

N-labeling, requires de novo

O-labeling has attracted much research interest

11–13

as it requires

minimum derivatization and the use of inexpensive H218O labeling reagent (mechanism shown in
Figure 5.1). For example, Niles et al. described

18

O-labeling of polypeptides by using 1% (v/v)

trifluoroacetic acid (TFA) as an acid catalyst.14 However, this reaction can take up to 18 days to
reach equilibrium. Furthermore, TFA can suppress ionization and therefore is not compatible with
mass spectrometry analysis.15 More recently, Haaf et al. reported an expedited

18

O-labeling

reaction that can achieve equilibrium in just 5.5 hours due to purging gaseous HCl into H218O (c.a.
12M final concentration).16 However, acid labile functional groups, such as esters and acetals,
might be susceptible to hydrolysis under such strongly acidic conditions. On the other hand,
proteolytic incorporation of the

18

O-isotope via hydrolysis of a protein or polypeptide has been

extensively explored in quantitative proteomics; upon trypsinization (hydrolysis by trypsin), one
or two 18O-isotopes are incorporated at the C-terminus of the peptide fragments.17 Although this
proteolytic hydrolysis results in fragmentation of the parent macromolecule (protein/polypeptide),
it operates under milder conditions (neutral pH) as compared to acid-catalyzed
Inspired by this enzyme-catalyzed

18

O-labeling.

O incorporation, I envisioned that small molecules that

contain a carboxylic acid functionality may be quickly
especially low substrate specificity.

18

18

O-labeled by hydrolytic enzymes with
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Figure 5.1. Proposed mechanism for oxygen exchange of carboxylic acid under acidic condition.
One of the most important hydrolytic enzymes in mammals is the metabolizing enzyme
carboxylesterase (CES), which contributes to the hydrolysis of drugs and xenobiotics.18 The subfamily CES1b is highly expressed in the liver, while the other sub-family CES2 is mostly found in
the intestines.19,20 Both CES1b and CES2 are promiscuous towards a broad spectrum of
substrates.21 This is a common but important trait among metabolizing enzymes as they are
responsible for removing a wide variety of foreign substances from the body. CES enzymes
hydrolyze esters but are generally inactive towards other functional groups. Therefore, CES
enzymes are especially promising catalysts for incorporating 18O-isotope into the carboxylic acid
functional group under mild conditions.
Some carboxylic acid-containing compounds were found here to become

18

O-labeled by

CES enzymes in H218O via the hydrolysis mechanism. This discovery expands the scope of
enzymatic

18

O-labeling from proteins/polypeptides to small molecules. Interestingly, unusual

hydrolytic behaviors were observed for several drug compounds, including indomethacin,
piperacillin and clopidogrel. Subsequent incubation of these

18

O-labeled drug compounds with

metabolizing enzymes to obtain highly valuable 18O-labeled metabolites was demonstrated in this
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study. The potential application of these 18O-labeled compounds to serve as internal standards for
LC-MS/MS based quantitation is also discussed below.

Experimental Section
This research was conducted at Pharmacokinetics, Pharmacodynamics, and Drug Metabolism
(PPDM) Department at Merck Research Laboratories in Boston, MA, under the guidance of Dr.
Peter Fan. High-resolution Q-TOF mass spectrometry experiments were performed by Merck
scientist Ryan Lutz.
Chemicals and materials
Unlabeled gemfibrozil acyl glucuronide was purchased from Toronto Research Chemicals
(North York, Canada) and recombinant human CES1b and CES2 enzymes (Supersome) were
purchased from Corning (Corning, USA). All other chemicals were purchased from Sigma-Aldrich
(St. Louis, USA). All purchased chemicals were used as received without further purification.
H218O phosphate-buffered saline (PBS) was prepared by dissolving pre-mixed phosphate powder
in H218O (97%

18

O-enriched). The studied carboxylic acid-containing compounds gemfibrozil,

indomethacin, diclofenac, mycophenolic acid, piperacillin, and clopidogrel carboxylic acid were
obtained from Merck chemical library as 10 mM DMSO solutions. These solutions were diluted
with a 50:50 mixture of water and acetonitrile to the desired concentration prior to subjection to
the enzymatic reactions.
In vitro incubation with CES1b and CES2
Cryopreserved CES1b and CES2 enzymes were thawed in 37 ⸰C water bath. Afterwards,
either CES1b or CES2 was added into a 96-well plate containing 200 µL H218O PBS (100 mM,
pH 7.4) to a final concentration of 0.025-0.5 mg protein/mL. After the CES enzymes were pre-
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incubated for 10 min at 37 ⸰C, a carboxylic acid-containing compound was added (10 µM final
concentration) to initiate the reaction. Sampling was performed by taking a 20 µL aliquot at 0, 2,
8, 22, 32, and 48 hour time points; piperacillin incubations were only sampled at 0, 2, 8, 22 hours
due to the fast turnover. The aliquots were quenched with 100 µL ice-cold acetonitrile and the
precipitated enzymes were removed by centrifugation at 10,000 g for 15 min at 4 ⸰C. The
supernatant was collected for UPLC-MS/MS analysis.
Incubation of gemfibrozil with uridine glucuronosyltransferase (UGT) 2B7
A mixture of saccharolactone (5 mM), UGT 2B7 (1 mg protein/mL final concentration),
alamethicin (10 mM), and magnesium chloride (100 mM, pH 7.4) in 360 µL Tris buffer was preincubated on ice for 15 min to diminish the latency of UGT activity. The reaction was then initiated
by adding gemfibrozil and the co-factor uridine diphosphate glucuronic acid (UDPGA, 1 mM final
concentration). The complete conversion of the starting material gemfibrozil to gemfibrozil acyl
glucuronide was observed after 4 hours by UPLC-MS/MS analysis, and thereafter the incubation
was quenched by 100 µL ice cold 0.1% formic acid in acetonitrile to stabilize the acyl glucuronide
product. After the removal of the precipitated enzyme by centrifugation, the supernatant was
analyzed by UPLC-MS/MS.
UPLC-MS/MS based on CAD
10 µL sample solutions were injected by a Transcend LX2 platform autosampler into a
Thermo Scientific UPLC system coupled with a triple quadrupole mass spectrometer (Chapter
2.5). The mobile phase consisted of aqueous phase A (0.1% formic acid in water, v/v) and organic
phase B (0.1% formic acid in acetonitrile, v/v). The UPLC was equipped with an Acquity HSS T3
2.1 x 50 mm, 1.8 µm column (Waters). A flow rate 750 µL/min was utilized. The gradient was
programmed to ramp organic phase B from 5% to 95% in 15 seconds, followed by isocratic 95%
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elution for 40 seconds. The eluent was subsequently ionized by electrospray ionization (ESI) in
either positive or negative ion mode. The MS detection was carried out in multiple reaction
monitoring (MRM) mode using the API 6500 triple quadrupole mass spectrometer built by AB
Sciex. The parameters were set up as follows: sprayer voltage (±) 5.0 kV, ion source temperature
at 500 ⸰C, nebulizer nitrogen flow at 50 (arbitrary unit), auxiliary gas flow at 60 (arbitrary unit),
and curtain gas flow at 40 (arbitrary unit). The sampling of each peak of interest was optimized by
setting the dwell time for each MRM transition at 25 ms with an inter channel pause time of 5 ms.
The MRM transitions and collision-activated dissociation (CAD) parameters for each studied
carboxylic acid-containing compound are listed below: diclofenac (ESI-) Q1 294.0 – Q3 250.0 (0
× 18O), Q1 296.0 – Q3 250.0 (1 × 18O), Q1 298.0 – Q3 250.0 (2 × 18O), declustering potential (DP)
-30, extrance potential (EP) -10, collision energy (CE) -25, collision cell exit potential (CXP) -15
(volts); clopidogrel carboxylic acid (ESI+) Q1 307.5 – Q3 198.0 (0 × 18O), Q1 309.5 – Q3 200.0
(1 × 18O), Q1 311.5 – Q3 202.0 (2 × 18O), DP 101, EP 10, CE 25, CXP 12 (volts); gemfibrozil
(ESI-) Q1 249.0 – Q3 121.0 (0 × 18O), Q1 251.0 – Q3 121.0 (1 × 18O), Q1 253.0 – Q3 121.0 (2 ×
18

O), DP -65, EP -10, CE -25, CXP -15 (volts); gemfibrozil acyl glucuronide (ESI-) Q1 425.5 –

Q3 121.3, Q1 427.5 – Q3 121.3, Q1 429.5 – Q3 121.3, DP -40, EP -2, CE -50, CXP -9 (volts);
mycophenolic acid (ESI+) Q1 321.2 – Q3 207.1 (0 × 18O), Q1 323.2 – Q3 207.1 (1 × 18O), Q1
325.2 – Q3 207.1 (2 × 18O), DP 60, EP 10, CE30, CXP 15 (volts); piperacillin (ESI-) Q1 516.0 –
Q3 330.0 (0 × 18O), Q1 518.0 – Q3 330.0 (1 × 18O), Q1 520.0 – Q3 330.0 (2 × 18O), DP -30, EP 10, CE -24, CXP -11 (volts); indomethacin (ESI+) Q1 358.0 – Q3 139.0 (0 × 18O), Q1 360.0 – Q3
139.0 (1 × 18O), 362 – Q3 139.0 (2 × 18O), DP 55, EP10, CE 35, CXP 15 (volts).
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High resolution MS/MS CAD experiment
High-resolution CAD tandem mass spectra were measured with an API 6600 Q/TOF mass
spectrometer (AB Sciex) equipped with a dual spray (ESI + APCI) ion source. The mass-to-charge
ratios of the ions were calibrated using APCI positive calibration solution. Ions were exposed to
CAD at different collision energies and thus underwent fragmentation to produce MS/MS CAD
mass spectra. The mass spectra were processed using PeakView 2.1 software.

Results and Discussion
My contributions to this research project included performing in vitro assay and UPLCMS/MS experiments, data analysis, and writing the manuscript for publication.
18

O-Exchange study

Six carboxylic acid-functionality containing compounds – diclofenac, gemfibrozil,
indomethacin, mycophenolic acid, piperacillin, and clopidogrel carboxylic acid – were separately
incubated with both CES1b and CES2 in

18

O-PBS solution The percentages of the unlabeled,

singly-labeled, and doubly-labeled compounds were plotted as a function of time, shown in Figure
5.2. No degradation of the substrate was observed after 48-hour incubation with either of the CES
enzyme because the total AUC in the LC-MS/MS chromatograms for ionized unlabeled, singlylabeled, and doubly-labeled compounds remained unchanged over the course of incubation. This
result demonstrates that, due to its specificity towards the ester functional group, CES enzymes do
not cause degradation of the compounds studied here that did not contain the ester functionality.
Furthermore, it has been reported that, even for ester-containing compounds, only the ones that are
designed to be hydrolyzed are susceptible to CES metabolization (i.e., not all ester-containing
compounds can be hydrolyzed by CES).22 Therefore, no functional group transformation for the
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six carboxylic acid-containing compounds was expected upon incubation with CES. However,
caution should be exercised if a substrate contains both carboxylic acid and ester functional groups,
as esters can be potentially hydrolyzed by CES enzymes and therefore may not produce the desired
18

O-labeled compound. Five of the six analytes studied here were successfully labeled with an 18O-

isotope, namely, diclofenac, gemfibrozil, indomethacin, mycophenolic acid, and piperacillin.
However, incubation in either CES1b or CES2 did not show significant

18

O-labeling for

clopidogrel carboxylic acid. This finding suggests that clopidogrel carboxylic acid is not a
substrate of CES1b or CES2.
The oxygen exchange kinetics for all high-turnover reactions were investigated using semilogarithmic plots, shown in Figure 5.2 inserts.. Linear depletion of the unlabeled substrate as a
function of time, which indicates first-order reaction kinetics, was seen for the first three time
points for diclofenac incubated in either CES1b or CES2, gemfibrozil incubated in CES1b,
mycophenolic acid incubated in either CES1b or CES2, and piperacillin incubated in either CES1b
or CES2. For these first-order reactions, half-lives of the above compounds were calculated as t1/2
= (ln 2)/k, using the slope (k) of the semi-logarithmic plot. Diclofenac was 18O-labeled by using
both CES1b and CES2, with half-lives of 11.5 and 7.8 hours, respectively. The

18

O-labeling of

mycophenolic acid was faster in CES1b than CES2, with half-lives of 6.7 and 201.4 hours,
respectively. Gemfibrozil and indomethacin, however, were only

18

O-labeled by CES1b,

indicating that they are not substrates of CES2. Furthermore, indomethacin CES1b incubation
showed non-linear kinetics and no labeling was observed during the first eight hours. This
unexpected latency is likely due to the poor aqueous solubility of indomethacin: the incubation
was performed at 10 µM concentration, three-fold greater than the reported solubility limit of
indomethacin in PBS solution.23 Most reactions, except indomethacin in CES1b and mycophenolic
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acid in CES2, reached equilibrium after 48 hours. Among the reactions that had efficient

18

O-

exchange of the substrate, indomethacin had the greatest conversion of the unlabeled substrate
after 48 hours (only 2.5% unlabeled indomethacin remained). The least efficiently converted
substrate, diclofenac, was still 25.2% unlabeled after 48 hours. All successful labeling reactions
yielded both singly- as well as doubly-labeled compounds, except piperacillin, which will be
discussed in detail later. Based on this kinetic study, when the formation of doubly-labeled
substrate was observed, incorporation of the second

18

O-isotope is the secondary product of the

singly-labeled primary product. This experimental result is in good agreement with the stepwise
mechanism proposed herein for carboxylic acid oxygen exchange (Figure 5.1).
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Figure 5.2. Percentages of the unlabeled, singly-labeled, and doubly-labeled analytes at different
reaction times for A) diclofenac, B) gemfibrozil, C) indomethacin, D) mycophenolic acid, E)
piperacillin, and F) clopidogrel carboxylic acid. CES1 incubations are at the top and CES2 at the
bottom. Semilogarithmic plots are only represented for reactions that showed first-order kinetics
in the first three to four time points. Data collected by Zaikuan Josh Yu.
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However, two outliers that did not follow the above stepwise mechanism (Figure 5.1) were
identified – piperacillin and clopidogrel carboxylic acid. Therefore, these two compounds were
further examined to better understand their labeling mechanisms. In the case of piperacillin,
incubation with CES1b and CES2 only formed the singly-labeled species. Piperacillin had a halflife of 2.5 hours for both CES1b and CES2. No degradation of the singly-labeled compound was
observed. To identify the labeling site, MS/MS CAD experiments were performed using highresolution tandem mass spectrometry (Figure 5.3). The fragment ion generated from the singlylabeled compound indicates that the labeling site was one of the two lactams in the Nethylpiperazine-2,3-dione moiety. However, differentiating the two lactams via further CAD
experiments failed due to the formation of a symmetrical piperazine-2,3-dionium fragment ion
(Figure 5.3C). Nevertheless, the labeling of piperacillin likely proceeded through hydrolysis of the
lactam, followed by re-formation of the lactam ring. Furthermore, no hydrolysis intermediates (i.e.,
carboxylic acid) were observed throughout the incubation of piperacillin, indicating that the reformation of the lactam is a facile process and most likely facilitated by CES. Amide hydrolysis
by CES has been reported in the literature;24 however, to the best of our knowledge, the reformation
of an amide bond was observed for the first time in this study.
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A)

B)

C)

Figure 5.3. High-resolution mass spectrum of (A) ionized singly-labeled piperacillin, (B) CAD
mass spectrum of ionized singly-labeled piperacillin with m/z 520.1749, and (C) CAD mass
spectrum of the N-ethylpiperazine-2,3-dionium ion with m/z 145. The labeling site was
determined to be one of the two lactam oxygens, but their differentiation failed due to formation
of the symmetrical fragment ion of m/z 117.0544. Data collected by Zaikuan Josh Yu.
Another outlier compound was clopidogrel carboxylic acid, which did not undergo labeling
with either CES1b or CES2 incubation. This result suggests that clopidogrel carboxylic acid is not
a substrate of these CES enzymes. This was surprising because the ester form of this carboxylic
acid – clopidogrel – is a well-studied substrate of CES enzymes and is used in many CES
incubations as the positive control. It is interesting that the hydrolysis product – clopidogrel
carboxylic acid – is apparently not susceptible to CES metabolization. Therefore, we studied the
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CES catalyzed hydrolysis of the parent ester – clopidogrel – to examine whether18O-labeling
occurred in the metabolic product – clopidogrel carboxylic acid. Only singly-labeled clopidogrel
carboxylic acid was expected to be formed since the hydrolyzed form does not undergo further
CES hydrolysis. Surprisingly, both singly- and doubly-labeled clopidogrel carboxylic acids (54%
and 41%, respectively; Figure 5.4) were observed. This result is in disagreement with the proposed
mechanism (Figure 5.1) that the incorporation of the second 18O-isotope requires the singly-labeled
carboxylic acid as a substrate. Therefore, some other mechanism must be behind the formation of
the doubly-labeled clopidogrel carboxylic acid upon hydrolysis of clopidogrel. This unusual
reaction likely proceeds through the following steps (mechanism shown in Figure 5.5): 1)
nucleophilic addition of H218O to the ester carbonyl group forms a tetrahedral intermediate; 2) this
intermediate can lose either methanol or water but only water loss results in a product (still an ester
but one

18

O has been incorporated) that is a substrate of the CES enzymes; 3) upon the second

nucleophilic addition of H218O, the newly-formed
displace the methoxy group with an

18

18

O-labeled ester undergoes elimination to

OH group, forming the doubly-labeled carboxylic acid.

Similarly, the singly-labeled carboxylic acid must have been formed with elimination of methoxy
group as methanol in the second step. This singly labeled compound cannot undergo a second 18Oincorporation. Furthermore, the fact that clopidogrel is susceptible to CES metabolization but
clopidogrel carboxylic acid is not suggests that the methoxy group in the ester form is required for
clopidogrel to fit in the active sites of the CES enzymes.
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Figure 5.4. Both singly- and doubly-labeled clopidogrel carboxylic acids were formed upon CES
catalyzed hydrolysis of clopidogrel.
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Figure 5.5. Proposed mechanism for the incorporation of two 18O-isotopes upon hydrolysis of
clopidogrel.
Two incubation cycles increase labeling efficiency
The incubations with CES1b and CES2 yielded a mixture of unlabeled, singly-labeled, and
doubly-labeled compounds. However, for the labeled compounds to be used as internal standards
for LC-MS/MS based quantitation, the relative amount of the remaining unlabeled analyte should
be minimized while the amount of the doubly-labeled product is maximized. Therefore, to increase
the

18

O-labeling efficiency, two incubation cycles were performed for one of the studied

compounds – gemfibrozil – as a test example for the viability of this method. The second
incubation was performed by removing the CES1b enzyme followed by the addition of a fresh
aliquot of H218O and fresh enzyme. The second incubation reached equilibrium after 48 hours
(total incubation time: 96 hours; 48 hours incubation each cycle). Notably, the labeling efficiency
went from unlabeled 21%, singly-labeled 49%, and doubly-labeled 30% at 48 hours to unlabeled
3%, singly-labeled 27%, and doubly-labeled 70% at 96 hours: a 7-fold decrease of unlabeled
compound and a 2.3-fold increase of doubly-labeled compound. No degradation of the substrate
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was observed throughout the 96-hour incubation, demonstrating the selectivity and robustness of
this enzymatic reaction. Therefore, the increase of

18

O-gemfibrozil labeling efficiency after the

second incubation suggests that complete oxygen exchange is possible with additional incubation
cycles.
Generation of 18O-labeled gemfibrozil acyl glucuronide as internal standard for
quantitation
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Figure 5.6. The LC-MS/MS CAD chromatogram measured for in situ biosynthesized 18Olabeled gemfibrozil acyl glucuronide obtained from the UGT catalyzed biotransformation of
18O-labeled gemfibrozil. The inset is the LC-MS/MS chromatogram of the starting material
18O-labeled gemfibrozil. *Unknown impurity in the instrument confirmed by a blank LCMS/MS run. Data collected by Zaikuan Josh Yu.
After the highly 18O-enriched gemfibrozil was obtained, it was of interest to generate 18Olabeled gemfibrozil acyl glucuronide for acyl glucuronide quantitation. Toxic acyl glucuronides
are one of the leading causes of drug withdrawal from the market.25 Therefore, quantitation of
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potentially toxic acyl glucuronide drug metabolites is of great importance for early stage drug
discovery. However, many acyl glucuronides are prone to migration and decomposition, making
pure internal standards difficult to access.26,27 As shown in Figure 5.6, further incubation of the
18

O-labeled drug compound with UGT 2B7 (a metabolizing enzyme that transfers glucuronic acid

to the substrate) yielded 18O-labeled acyl glucuronide, which can then be used in situ as the internal
standard for LC-MS/MS based quantitation without further purification. The concentration of the
incubation product – 18O-labeled gemfibrozil acyl glucuronide – can be determined based on the
complete conversion of 18O-labeled gemfibrozil (concentration known), providing the basis for the
in situ 18O-labeled acyl glucuronide to serve as an internal standard in quantitation experiments.
Direct labeling of acyl glucuronides upon incubation with CES enzymes
Because acyl glucuronides contain a carboxylic acid moiety, they may undergo oxygen
exchange like other carboxylic acid-containing compounds. Therefore, commercially available
gemfibrozil acyl glucuronide was incubated with CES1b in H218O PBS (pH 7.4) for 24 hours.
Partial hydrolysis of the acyl glucuronide was observed after 24 hours, which seems to indicate
that the ester moiety in the acyl glucuronide is susceptible to CES catalyzed hydrolysis.
Additionally, it has been reported that some acyl glucuronides are unstable when dissolved in pH
7.4 PBS.28 Therefore, the hydrolysis of gemfibrozil acyl glucuronide is likely due to a combination
of these two factors, making direct labeling generally not feasible for acyl glucuronides.
Nevertheless,

18

O-labeled acyl glucuronides can still be generated via the two-step biosynthesis

described above, enabling access to these highly valuable internal standards.
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Conclusions
This chapter described an in situ
enzymes and

18

O-water. Highly

18

18

O-labeling method for carboxylic acids by using CES

O-enriched compounds can be obtained after two incubation

cycles. These compounds can be used as internal standards for LC-MS/MS based quantitation.
Furthermore, these 18O-labeled compounds can be further incubated with other metabolic enzymes
(e.g., UGT, cytochrome p450) to generate

18

O-labeled metabolites. This new method can be

especially advantageous when synthetic isotope-labeled metabolites are inaccessible. In addition,
unusual hydrolytic behaviors were observed for some of the carboxylic acid-containing
compounds, which revealed novel mechanisms for CES catalyzed reactions. Overall, this in situ
18

O-labeling method has shown great promise in facilitating LC-MS/MS based quantitation for

early drug development studies. However, some carboxylic acids are not susceptible to CES
catalysis, which limits the application of this approach. Therefore, other hydrolases should be
studied to expand the substrate scope of this method.
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EXPERIMENTAL STUDY OF THE MECHANISMS OF
CELLULOSE FAST PYROLYSIS USING SELECTIVELY ISOTOPELABELED MODEL COMPOUNDS

Introduction
Overview
Due to the fast consumption of fossil fuels, the emerging energy crisis has prompted the
exploration of fuels produced from renewable resources. One promising approach for generating
alternative biofuel is fast pyrolysis of biomass followed by downstream upgrading.

1–6

This

approach involves decomposing biomass at 600-800 °C in the absence of oxygen, a process called
fast pyrolysis. The fast pyrolysis products are vaporized and carried through a catalyst bed to
remove oxygen content. To optimize this process, it is necessary to understand the mechanisms
involved in the decomposition of biomass during fast pyrolysis. Cellulose contributes 40-50% of
the weight of biomass; therefore, many investigations have been carried out to understand its
decomposition during fast pyrolysis.7,8 However, the molecular-level understanding of the
mechanisms involved in the fast pyrolysis of cellulose is far from satisfactory.
Depolymerization via dissociation of the glycosidic linkage
One of the most important reactions occurring during cellulose fast pyrolysis is
depolymerization, which cleaves the β-1,4-glycosidic linkages of cellulose backbones. There are
two cleavage sites in this depolymerization reaction – the glycosidic bond and the aglyconic bond
– and these cleavages can occur through different mechanisms including include homolytic9–12 and
heterolytic9,13,14 cleavages as well as through assisted cleavages such as hydrolysis.9,11,15 Numerous
computational studies have proposed mechanisms for this depolymerization reaction. However,
the calculated enthalpy cost for homolytic and heterolytic cleavages are too high (101 and 158
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kcal/mol; calculated at the B3LYP/6-31+G(d) level of theory)16 for them to be significant
mechanisms. On the other hand hydrolysis of the glycosidic bond has been calculated to be as low
as 51 kcal/mol (at M06-2X/6-311++G(d,p) level of theory)17 and therefore has been proposed to
be the main mechanism for depolymerization. However, there is no experimental evidence to
support or reject the occurrence of hydrolysis during cellulose fast pyrolysis. Additionally, these
three mechanisms (homolytic/heterolytic bond cleavage and hydrolysis) are proposed to occur in
a stepwise manner, but concerted mechanisms have also been proposed.
Two concerted mechanisms which have been proposed include Maccoll elimination and
hydroxymethylene-assisted glycosidic bond cleavage (HAGBC). In the case of cellobiose,
Maccoll elimination involves a concerted mechanism that leads to the formation of glucose and an
anhydroglucose that is not 1,6-anhydrous (Figure 6.1a).11,18 HAGBC, on the other hand, proceeds
through nucleophilic attack of the primary alcohol to displace the anomeric group, forming a
glucose molecule and levoglucosan (a 1,6-anhydrosugar)(Figure 6.1b).6,9,11,14,19,20 These concerted
mechanisms have lower calculated free energy barriers than stepwise homolytic and heterolytic
cleavages, and therefore, these mechanisms likely contribute to the major reactions involved in the
depolymerization of cellulose during fast pyrolysis.
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Figure 6.1. Example mechanisms of a) Maccoll elimination via aglyconic cleavage that produces
glucose and anhydroglucose, b) hydroxymethylene-assisted glycosidic bond cleavage (HAGBC)
for cellobiose that produces levoglucosan and glucose, and c) HAGBC for
glucopyranosylglycolaldehyde (an unraveled intermediate) that produces levoglucosan and
glycolaldehyde. The barriers for the transition states (in brackets) are given in free energies,
calculated at a) M06-2X/6-31G+(d,p) level of theory,21 and b) and c) at M06-2X/6-311G++(d,p)
level of theory.1,17
Depolymerization via fragmentation of the glucose units
Besides the dissociation of the β-1,4-glycosidic linkage, another mechanism that likely
plays an important role in the fragmentation of cellulose during fast pyrolysis is the “reducing-end
unraveling mechanism”. This reaction has been reported to dominantly occur for the pyrolysis of
cellobiose.1 This mechanism involves decyclization of the pyranose ring (ring-opening), followed
by a concerted loss of glycolaldehyde and ethenediol (Figure 6.2), both two-carbon fragments
(C2H4O2).1,6 The products are glucopyranosylerythrose (upon loss of one C2H4O2) and
glucopyranosylethenediol (upon loss of two C2H4O2); the latter can tautomerize to the more stable
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glucopyranosylglycolaldehyde.1,6 These “unraveling intermediates” can undergo the HAGBC
mechanism to produce levoglucosan (Figure 6.1c).1,17 However, whether reducing-end unraveling
occurs during the fast pyrolysis of cellodextrins larger than cellobiose is unknown. Therefore, more
evidence is needed to provide a better understanding of this mechanism.

Figure 6.2. The mechanism for reducing-end unraveling occurring on cellobiose. Free energy
changes are provided in parentheses and transition state free energies are provided in brackets.
Calculations were performed at M06-2X/6-311G++(d,p) level of theory.1
Limitation of CG/MS approach and the importance of this study
One of the major experimental approaches used to study the products of cellulose fast
pyrolysis is gas chromatography coupled with mass spectrometry (GC/MS).22–27 This approach
can identify the detected products based on their retention times in the GC as well as their
fragmentations in EIMS. However, only pyrolysis products that are volatile enough for analysis
by GC can be detected, limiting analysis to products smaller than glucose28, and the long residence
time in GC can lead to the formation of secondary products that differ from the original structures.
Therefore, a new analytical tool is needed to facilitate the identification of the initial products of
cellulose fast pyrolysis.
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Mechanistic studies on cellulose fast pyrolysis are mostly performed computationally, and
there is a lack of experimental studies on these mechanisms. Therefore, numerous mechanisms
have been proposed, but a consensus about which mechanisms are the most important has yet to
be reached. We previously reported a fast pyrolysis/tandem mass spectrometry (Py-MS/MS)
approach that can be used to detect the products initially generated upon fast pyrolysis.1,29 In this
study, we used this method to study the pyrolysis of three selectively isotope-labeled model
compounds, pyrolysis intermediates that have been proposed in literature, and commercially
available model compounds. Upon fast pyrolysis, the loss or retention of an isotope label provided
important insights into the complex reaction network in cellulose fast pyrolysis, and these data
provide important experimental evidence required to determine what mechanisms predominate
during the pyrolysis of cellulose.

Experimental Section
My contributions to this research included synthesizing the isotope-labeled model
compounds, performing fast pyrolysis-mass spectrometry experiments, and writing the manuscript
for publication. Quantum chemical calculations were performed by Dr. Mckay Easton.
Chemicals
Ammonium hydroxide (NH4OH) aqueous solution, unlabeled levoglucosan, cellobiosan,
cellobiose, and cellotriose were purchased from Sigma Aldrich (St. Louise, MO, USA).
Cellotriosan, and cellotetraosan were purchased form Synthose (Concord, Ontario, Canada). All
chemicals were used as received without further purification.
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Fast pyrolysis tandem mass spectrometry (Py-MS/MS) setup
Details for the instrumentation of Py-MS/MS has been reported previously.29 Briefly, a
pyrolysis probe (pyroprobe) made of a platinum ribbon was placed inside the ion source box of an
LQIT-Orbitrap mass spectrometer. The ion source box was filled with dry nitrogen at atmospheric
pressure. A small amount of sample (c.a. 10 ng) was loaded onto the pyroprobe in the form of dry
powder. The probe was then heated to 600 °C in 1 ms and held at this temperature for one second
before cooled to room temperature. The pyrolysis products (M) were evaporated and immediately
ionized by atmospheric pressure chemical ionization (APCI) assisted with NH4OH dopant. The
ions of the pyrolysis products were formed via ammonium attachment (M + NH4+), and were
subsequently analyzed using ion trap MS (low resolution) and FTMS (high resolution). The overall
residence time between ion generation and detection was less than 125 ms, which is significantly
shorter than minute-scale GC/MS experiments. The mass spectra were measured at a rate of 30 ms
per scan prior to, during, and immediately after fast pyrolysis. The background ions (measured
before and after pyrolysis) were subtracted from the mass spectra measured during the pyrolysis
event. At least 10 mass spectra were collected during the pyrolysis event and are averaged into the
final spectra reported here. Each pyrolysis experiment was repeated three times to ensure the
reproducibility of the results.
The MS/MS CAD experiments were performed by isolating the ion of interest in the linear
quadrupole ion trap with an isolation window of 2 m/z-value. The isolated ions were kinetically
excited for 30 ms at a q value of 0.25, where nominal collision energies were applied to fragment
the ion. At least 10 mass spectra of the product ions were collected and averaged. A nominal
collision energy of 15 (arbitrary units) was used for CAD of ionized cellobiosan and isomers ([M
+ NH4]+ with m/z 342), as well as for ionized cellotriosan and isomers ([M + NH4]+ with m/z 504)
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while a nominal collision energy of 20 (arbitrary units) was used for ionized
cellobiosylglycolaldehyde. However, no ion signal was obtained after CAD of the ammonium
adducts of levoglucosan and isomers. Therefore, these compounds were ionized in negative mode
using ammonium hydroxide as a dopant. The thus-formed [M -H]- ions (m/z 161) were subjected
to CAD at a nominal collision energy of 18 (arbitrary units) to obtain their MS/MS CAD mass
spectra.

Results and Discussion
Choice of model compounds
The model compounds used in this study are shown in Figure 3. Cellulose consists of
glucose monomers connected with -1,4-glycosidic linkages. Therefore, its oligomers –
cellodextrins – were chosen as model compounds, including unlabeled cellobiose, cellotriose.
Their isotope-labeled counterparts –

13

C-cellotriose,

18

O-cellobiose, and

13

C- and

18

O-doubly-

labeled cellobiose – were synthesized for comparison to their unlabeled counterparts. Other
reported products of cellulose fast pyrolysis were also studied as model compounds, including 1,6anhydrocellodextrins such as cellobiosan, cellotriosan, and cellotetraosan, as well as an
intermediate reported for the “reducing-end unraveling mechanism” – cellobiosylglycolaldehyde.
The synthesis of isotope-labeled model compounds as well as cellobiosylglycolaldehyde is
detailed in Chapter 3.
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Figure 6.3. Model compounds studied here. Labeled compounds and cellobiosylglycolaldehyde
were synthesized by Zaikuan Josh Yu.
Reducing-end unraveling
We have previously studied the fast pyrolysis of cellobiose using isotope-labeling, and
several initial products were identified.1,29–31 These identified products included levoglucosan
(NH4+

adducts

with

m/z

180),

glucose

(NH4+

adducts

with

m/z

198),

glucopyranosylglycolaldehyde (NH4+ adducts with m/z 240), glucopyranosylerythrose (NH4+
adducts with m/z 300), and cellobiosan (NH4+ adducts with m/z 342). In this study, we examined
the fast pyrolysis of 13C-labeled cellotriose and compared the products with those produced from
pyrolysis of unlabeled cellotriose. The mass spectrum of the ionized fast pyrolysis products of the
13

C-labeled cellotriose is shown in Figure 6.5b. First, in addition to the products that have been

observed and identified for pyrolysis of cellobiose, another product that has greater m/z-value than
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cellobiose – cellobiosylglycolaldehyde (NH4+ adduct with m/z 402) – was observed for fast
pyrolysis of unlabeled cellotriose. The structure of cellobiosylglycolaldehyde was identified by
comparing the CAD mass spectra of the ionized pyrolysis product with that of ionized authentic
compound (Figure 6.4). In addition to these identified pyrolysis products, unidentified ions with
m/z-values of 144, 162, 282, and 324 likely correspond to dehydration products of the previously
mentioned products (e.g., the ion with m/z 162 is likely a dehydration product of the ion with m/z
180).
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Figure 6.4. CAD MS/MS spectra of the NH4+ adduct of the authentic cellobiosylglycolaldehyde
with m/z 402 (top), and the NH4+ adduct of the proposed product with m/z 402 produced upon
fast pyrolysis of cellotriose (bottom). The match of the two CAD mass spectra confirms the
proposed product to be cellobiosylglycolaldehyde. Mass spectra measured by Zaikuan Josh Yu.
In comparison to the fast pyrolysis of unlabeled cellotriose, the fast pyrolysis of 13C-labeled
cellotriose produced the same products except that all ionized products with m/z-values higher
than 180 had retained the isotope label (Figure 6.5). These labeled products include glucose,
glucopyranosylglycolaldehyde,

glucopyranosylerythrose,

cellobiosan,

and
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cellobiosylglycolaldehyde (NH4+ adducts with m/z 199, 241, 301, 343, and 403, respectively). This
label retention can be explained by the reducing-end unraveling mechanisms: the fragmentation
starts from the reducing end and moves towards the non-reducing end (mechanism shown in Figure
6.2). Therefore, the only glucose unit that remained intact during the fast pyrolysis of cellotriose
13

was the non-reducing end glucose (i.e., the

C-labeled glucose). The reducing-end unraveling

mechanism that has been reported for pyrolysis of cellobiose1 is therefore extended to cellotriose,
with similar results expected for larger oligomeric cellodextrins.
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Figure 6.5. APCI mass spectra of ionized (via NH4+ attachment) fast pyrolysis products of a)
unlabeled cellotriose, and b) 13C-labeled cellotriose. Glycosidic linkages are indicated using A
and B. Abbreviations: cellobiosylglycolaldehyde (CBGA), cellobiosan (CBN;
anhydrocellobiose), glucopyranosylerythrose (GER), glucopyranosylglycolaldehyde (GGA),
glucose (GLC), and levoglucosan (LGN; anhydroglucose). Data collected by Zaikuan Josh Yu.
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HAGBC mechanism
A HAGBC mechanism has been proposed to occur at any point of cellulose fragmentation
during fast pyrolysis;32 however, if HAGBC occurs for intact cellotriose, an unlabeled glucose
would have been formed form the reducing end (Figure 6.6, HAGBC@B). Instead, only

13

C-

labeled glucose (glucose at the non-reducing end) was produced from the fast pyrolysis of the 13Clabeled cellotriose. This result indicates that HAGBC cannot initiate the depolymerization,
disproving the proposed mechanism shown in Figure 6.1b. Furthermore, the fact that only labeled
cellobiosylglycolaldehyde was formed indicates that the glycosidic linkage closest to the reducing
end must have dissociated first. In the case of cellotriose, glycosidic linkage B must have
dissociated prior to linkage A; otherwise, an unlabeled cellobiosylglycolaldehyde (NH4+ adducts
with m/z 199) would have been formed, contrary to the experimental observation (Figure 6.6,
HAGBC@A for

13C-CBGA).

In addition, levoglucosan and cellobiosan were formed upon

pyrolysis of cellotriose. The formation of these 1,6-anhydrosugars can be explained by a HAGBC
mechanism that occurs for the unraveled intermediates (products of reducing-end unraveling
mechanism). It should be noted that both labeled and unlabeled levoglucosan and isomers were
formed during fast pyrolysis of the

13

C-labeled cellotriose; however, the above HAGBC

mechanism can only explain the formation of labeled levoglucosan and isomers and does not
explain the formation of their unlabeled counterparts. Maccoll elimination involving aglyconic
cleavage will be discussed later to account for the formation of the unlabeled counterparts.
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Figure 6.6. Proposed mechanistic pathways that lead to the formation of the major products
formed upon fast pyrolysis of 13C-labeled cellotriose. The reducing-end generation via Maccoll
elimination will be discussed in detail later. Glycosidic linkages are denoted as A and B, with B
closer to the reducing end. Dashed boxes indicate products that were not observed.
Abbreviations: cellotriose (CTS), cellobiosylglycolaldehyde (CBGA), cellobiose (CBS),
glucopyranosylglycolaldehyde (GGA), glucose (GLC), and levoglucosan (LGN).
Literature suggests that HAGBC can occur at the reducing end of cellodextrins through
nucleophilic attack of the primary alcohol to displace the anomeric hydroxyl group, thereby
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forming 1,6-anhydrocellodextrins.32,33 Therefore, MS/MS CAD experiments were performed to
examine the dehydration reaction of intact cellobiose. This is achieved by comparing the CAD
mass spectra of the ionized dehydration product (NH4+ adducts with m/z 342) that is formed upon
pyrolysis of cellobiose to that of the ionized authentic cellobiosan (NH4+ adducts with m/z 342).
To our surprise, the CAD mass spectrum of the ionized pyrolysis product (Figure 6.7c) did not
match the CAD mass spectrum of the ionized authentic cellobiosan (Figure 6.7a). This result
indicates that the dehydration products produced from pyrolysis of cellobiose is not cellobiosan,
but likely one or more of its isomers. Therefore, HAGBC must not occur at the reducing end of
cellodextrins; instead, dehydration must occur through another mechanism(s), in contrast to
literature.32,33
On the other hand, the CAD mass spectrum of the NH4+ adduct with m/z 342 generated
upon fast pyrolysis of cellotriose matches the CAD mass spectrum of ionized authentic cellobiosan,
indicating that fast pyrolysis of cellotriose does produce cellobiosan. The formation of cellobiosan
upon fast pyrolysis of cellotriose can be explained by HAGBC mechanism that occurs for
unraveled intermediates (e.g., cellobiosylglycolaldehyde; HAGBC@B for CBGA in Figure 6.6).
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Figure 6.7. CAD mass spectra of the NH4+ adduct of the a) authentic cellobiosan, b) 13Clabeled anhydrocellobiose produced from fast pyrolysis of 13C-labeled cellotriose, and c)
anhydrocellobiose produced from fast pyrolysis of cellobiose. Abbreviations: cellobiose (CBS),
cellotriose (CTS), and cellobiosan (CBN).
To further investigate the unexpected and unidentified dehydration reaction, an 18O-labeled
cellobiose with the label at the anomeric hydroxyl group (see 18O-labeled cellobiose in Figure 6.3)
was synthesized and subjected to fast pyrolysis. The synthesis procedure is detailed in Chapter 3.
The enrichment of the

18

O-isotope was determined to be 80% based on the ratio of labeled to

unlabeled cellobiose (NH4+ adducts, m/z 362 and 360, respectively; Figure 6.8c). Fast pyrolysis of
this labeled cellobiose produced an anhydrocellobiose that, upon ionization, formed an NH4+
adduct with m/z 344. In addition, an NH4+ adduct with m/z 342 was also observed. The ratio
between m/z 342 and 344 was determined to be 30:100 (Figure 6.8b), close to the

18

O-labeling
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efficiency of the labeled cellobiose. This result suggests that the NH4+ adduct with m/z 342 is most
likely generated from the incomplete labeling of the cellobiose. More importantly, the dehydration
product with m/z 344 generated upon the pyrolysis of the

18

O-labeled cellobiose (NH4+ adduct

with m/z 362) indicates that the anomeric hydroxyl group was retained after the initial water loss;
therefore, HAGBC must not occur at the reducing end of cellodextrins (Figure 6.8d). This result
corroborates the conclusion made above that pyrolysis of cellobiose does not produce cellobiosan
but rather produces its isomer(s). More importantly, since HAGBC does not occur at the reducing
end, reducing-end unraveling has therefore been identified as the predominant mechanism that
occurs at the reducing end.
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Figure 6.8. a) APCI mass spectra of ionized fast pyrolysis products (via NH4+ attachment) of
18O-cellobiose. b) Expanded mass spectrum showing the 18O-labeled and unlabeled cellobiosan
isomers. c) Expanded mass spectrum showing intact 18O-labeled and unlabeled cellobiose. The
expanded region shown in b) and c) are also indicated with blue dashed boxes in a). d) HAGBC
occurring at the reducing end of the 18O-cellobiose would result in loss of the 18O-label.
Maccoll elimination
Having explored the reactions that occur at the reducing end, it is of importance to study
the mechanism(s) that lead to the formation of the reducing end. Reducing carbohydrates are
produced upon the fast pyrolysis of cellodextrins. For example, glucose is produced as one of the
most abundant products from fast pyrolysis of cellotriose (Figure 6.5). However, the formation of
a reducing end cannot be explained by a reducing-end unraveling mechanism since it does not
involve the dissociation of the glycosidic linkage, which is required to produce reducing
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carbohydrates. Although HAGBC involves glycosidic bond cleavage, it cannot initiate the
depolymerization reaction (Figure 6.6) and therefore cannot generate the reducing end. If it could,
unlabeled glucose would have been formed upon fast pyrolysis of the

13

C-labeled cellotriose

(Figure 6.5). Therefore, there must be other mechanisms that generate reducing carbohydrates.
The importance of this reducing-end generation is demonstrated by its central role in
depolymerization reactions – it marks the end of one and the beginning of another
depolymerization cycle. Due to this important role, many mechanisms have been proposed in the
literature to explain the formation of reducing carbohydrates. One of the widely-accepted
mechanisms is hydrolysis involving external water.9,11,15 This hydrolysis mechanism is
hypothesized because water is produced as a major byproduct during the fast pyrolysis of cellulose.
Another mechanism proposed for the dissociation of glycosidic linkages is Maccoll
elimination.11,18 Maccoll elimination differs from the hydrolysis mechanism because it does not
require external water and can cleave both glycosidic and aglyconic bonds. To investigate these
mechanisms, a

13

C- and

18

O-doubly-labeled cellobiose were synthesized and subjected to fast

pyrolysis study. The doubly-labeled cellobiose has a 13C-label at the anomeric carbon of the nonreducing glucose unit and an 18O-label at the glycosidic oxygen.
The synthesis of this doubly labeled cellobiose is detailed in Chapter 3. It should be noted
that the

13

C-labeling was 99% efficient, whereas the

enrichment of

13

C-isotope is due to the use of

starting material in synthesis. The

18

13

18

O-labeling was only 70%. The high

C-labeled glucose (99%

13

C-enriched) as the

O-isotope was incorporated through an equilibrium during

carbonyl oxygen exchange with 18O-isotope in H218O (97% 18O-enriched). The 70% 18O-labeling
efficiency was determined by ESI(+) full MS analysis of the synthesized doubly-labeled cellobiose
(M + Na+ with m/z 368 and 366, 13C- and 18O-doubly labeled and only 13C-labeled, respectively;
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Figure 6.9a). Fast pyrolysis of this doubly labeled cellobiose produced glucose that, upon
ionization via NH4+ attachment, corresponds to m/z 201, indicating that both 13C- and 18O-isotopes
were retained after the dissociation of the two glucose units. Although another only

13

C-labeled

glucose product (NH4+ adduct with m/z 199) was also observed, the ratio between the doubly
labeled and only 13C-labeled glucoses (100 : 40; m/z 201 : m/z 199) is close to that of the

18

O-

labeling efficiency of the intact cellobiose (100 : 35; m/z 368 : 366; i.e., doubly labeled : only 13Clabeled). Therefore, the

13

C-singly-labeled glucose is most likely the result of incomplete

18

O-

labeling. More importantly, the fact that both 13C- and 18O-isotopes were retained in the glucose
produced from the fast pyrolysis of doubly-labeled cellobiose indicates that the glycosidic bond
was not cleaved; instead, aglyconic bond cleavage must have occurred. This result confirms the
proposed Maccoll mechanism, which involves the dissociation of the aglyconic bond. Furthermore,
participation of external water was ruled out due to the complete retention of the

18

O-label,

disproving the proposed hydrolysis mechanism (Figure 6.10a). Therefore, aglyconic Maccoll
elimination has been identified as the underlying mechanism for the generation of the reducing
end during depolymerization of cellodextrins upon fast pyrolysis.
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Figure 6.9. a) ESI(+) mass spectrum of ionized 13C- and 18O-doubly-labeled cellobiose (M +
Na+). APCI mass spectra of ionized (via NH4+ attachment) products upon fast pyrolysis of b)
unlabeled cellobiose and c) 13C- and 18O-doubly-labeled cellobiose. Abbreviations: cellobiose
(CBS), glucopyranosylerythrose (GER), glucopyranosylglycolaldehyde (GGA), and glucose
(GLC).
The pyrolysis of the doubly-labeled cellobiose also resulted in the formation of
levoglucosan and isomers that, upon ionization through NH4+ attachment, correspond to m/z 180
(unlabeled), 181 (13C-labeled), and 183 (13C- and

18

O-doubly labeled). These isotope-labeling

results can be explained as follows: 1) the unlabeled levoglucosan/isomers (NH4+ adduct with m/z
180) must arise from the reducing-end glucose unit since it does not contain the

13

C-label.

Therefore, it can be generated by aglyconic Maccoll elimination for the intact cellobiose that
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produces a levoglucosan isomer(s). The other product is a doubly-labeled glucose (Figure 6.10b).
2) This doubly-labeled glucose then undergoes dehydration with retention of the anomeric

18

O-

hydroxyl group, giving rise to a doubly-labeled levoglucosan isomer(s) (NH4+ adduct with m/z
183) (Figure 6.10b). 3) The 13C-singly-labeled levoglucosan/isomers can be explained by HAGBC
that

occurs

for

an

13

C-

and

18

O-doubly-labeled,

unraveled

intermediate

(e.g.,

glucopyranosylglycolaldehyde and glucopyranosylerythrose; NH4+ adduct with m/z 243 and 303,
respectively), forming 13C-levoglucosan (Figure 6.10c). This NH4+ adduct with m/z 181 could also
come from the incomplete 18O-labeling shown in Figure 6.10d.

Figure 6.10. a) Hydrolysis has been proved to not occur in fast pyrolysis of cellobiose. b-d)
Reactions that explain for the formation of unlabeled, 13C-labeled, and 13C- and 18O-doublylabeled levoglucosan/isomers (NH4+ adduct with m/z180, 181, and 183). Structures in brackets
represent one possible isomer. Dashed boxes indicate products that were not observed.
Abbreviations: cellobiose (CBS), glucopyranosylglycolaldehyde (GGA), cellobiosan (CBN), and
glucose (GLC), and levoglucosan (LGN).
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Similar to the collection of labeled and unlabeled levoglucosan/isomers produced from the
fast pyrolysis of doubly-labeled cellobiose discussed here, the earlier example of fast pyrolysis of
13

C-labeled cellotriose also produced a mixture of unlabeled and 13C-labeled levoglucosan/isomers.

The mechanistic pathways described in Figure 6.6 only account for the formation of 13C-labeled
levoglucosan and therefore are not complete. As shown in Figure 6.11, aglyconic Maccoll
elimination is the underlying mechanism that leads to the formation of unlabeled levoglucosan.
The first aglyconic Maccoll elimination occurs at the glycosidic linkage that connects the reducing
end glucose and the middle glucose, resulting in the formation of

13

C-labeled cellobiose and a

levoglucosan isomer(s). The second Maccoll elimination occurs at the 13C-labeled cellobiose and
produces

13

C-labeled glucose and another levoglucosan isomer(s). It should be noted that the

glycosidic linkage closest to the reducing end unit undergoes Maccoll elimination first. In the case
of cellotriose, linkage B dissociates prior to linkage A. Otherwise, an unlabeled cellobiosan isomer
would have been formed from fast pyrolysis of this

13

C-labeled cellotriose; instead, only

13

C-

labeled cellobiosan was observed (Figure 6.7b). The fact that HAGBC (discussed above and shown
in Figure 6.6) and aglyconic Maccoll elimination both occur at the first glycosidic linkage (closest
to the reducing end) demonstrates that fast pyrolysis of cellodextrins is a highly ordered process.
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Figure 6.11. Proposed mechanisms that explain the formation of unlabeled levoglucosan from
pyrolysis of the 13C-labeled cellotriose. Structures in brackets represent one possible
levoglucosan isomer. Dashed box indicate product that is not observed. Abbreviations:
cellotriose (CTS), cellobiose (CBS), glucose (GLC), levoglucosan isomers (LGNi), cellobiosan
isomers (CBNi).
Fast pyrolysis of various reaction intermediates
Based on the isotope-labeled model compound study, three mechanisms – HAGBC,
reducing-end unraveling, and aglyconic Maccoll elimination – were identified as important
depolymerization mechanisms during fast pyrolysis. To obtain further information on the interplay
between the three reactions, the pyrolysis of two reaction intermediates – cellobiosan and
cellobiosylglycolaldehyde – were examined. Cellobiosan is a 1,6-anhydrocellodextrin (1,6anhydrocellobiose in this case) that is produced upon fast pyrolysis of cellotriose and larger
cellodextrins. Unlike the fast pyrolysis of cellobiose, fast pyrolysis of cellobiosan (Figure 6.12b)
did not produce reducing carbohydrates (i.e., glucose) nor unraveled intermediates (e.g.,
glucopyranosylglycolaldehyde and glucopyranosylerythrose; NH4+ adduct with m/z 240 and 300,
respectively). Instead, fast pyrolysis of cellobiosan produced levoglucosan (NH4+ adduct with m/z
180; Figure 6.13) and dehydration products (NH4+ adduct with m/z 324, 306, and 162; Figure 6.13).
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To extend this investigation to larger 1,6-anhydrocellodextrins, fast pyrolysis of cellotriosan and
cellotetraosan was also investigated. Fast pyrolysis of cellotriosan has previously been reported to
produce cellobiosan;31 in this study, it was found that fast pyrolysis of cellotetraosan produces
cellotriosan (Figure 6.14). More importantly, none of these 1,6-anhydrocellodextrins produce
reducing carbohydrates upon fast pyrolysis (mass spectrum of ionized pyrolysis products of
cellotetraosan is shown in Figure 6.15). These results indicate that, among the three reaction
mechanisms (HAGBC, reducing-end unraveling, and aglyconic Maccoll), only HAGBC occurred
during the fast pyrolysis of 1,6-anhydrocellodextrins.
Furthermore, the fact that no reducing carbohydrates (e.g., glucose and cellobiose; NH4+
adducts with m/z 198 and 360) were formed upon fast pyrolysis of cellobiosan supports the earlier
conclusion that no hydrolysis involving external water occurs during the fast pyrolysis of
cellobiose (Figure 6.10a), which suggests that atmospheric water and the water produced during
pyrolysis are insufficient to cause hydrolysis at the glycosidic bonds. To examine whether
additional water eventually leads to hydrolysis, a hollow quartz tube was used to load an aqueous
solution of cellobiosan. When this aqueous solution was subjected to fast pyrolysis, no hydrolysis
products were observed (Figure 6.16). Therefore, even when the sample was saturated with water,
hydrolysis still does not occur for cellobiosan. We hypothesize that larger 1,6anhydrocellodextrins behave similarly.
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Figure 6.12. APCI mass spectra of ionized (via NH4+ attachment) fast pyrolysis products of a)
cellobiose, b) cellobiosan, and c) cellobiosylglycolaldehyde. Abbreviations: cellobiose (CBS),
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Figure 6.15. APCI mass spectrum of ionized (via NH4+ attachment) products produced from fast
pyrolysis of cellotetraosan. No reducing carbohydrates were observed.
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Figure 6.16. APCI mass spectrum of ionized (via NH4+ attachment) fast pyrolysis products of an
aqueous solution of cellobiosan. No reducing carbohydrates were observed.
After examining the pyrolysis of cellobiosan, another reaction intermediate –
cellobiosylglycolaldehyde (a product generated form reducing-end unraveling mechanisms) – was
studied and compared to the fast pyrolysis of cellobiose and cellobiosan. First, when compared to
the fast pyrolysis of cellobiose, the fast pyrolysis of cellobiosylglycolaldehyde (Figure 6.12c)
produced the same products in similar distribution. However, a detailed inspection on the NH4+
adduct with m/z 342 that is produced upon fast pyrolysis of cellobiosylglycolaldehyde and
cellobiose revealed an important difference – cellobiosylglycolaldehyde produced an m/z 342 ion
with the structure of cellobiosan (Figure 6.17) while cellobiose produced only isomers of
cellobiosan, not cellobiosan itself (Figure 6.7c). The formation of cellobiosan from the fast
pyrolysis of cellobiosylglycolaldehyde can be explained by the HAGBC mechanism occurring for
unraveled intermediates, further supporting the previous conclusion that HAGBC does not occur
at the reducing end of cellodextrins. In contrast to the fast pyrolysis of cellobiosan, the fast
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pyrolysis of cellobiosylglycolaldehyde produced reducing carbohydrates. This result indicates that
unraveled intermediates can undergo aglyconic Maccoll elimination to generate a reducing end.
Furthermore, fast pyrolysis of cellobiosylglycolaldehyde also produced 1,6-anhydrocellodextrins
(i.e., levoglucosan and cellobiosan; NH4+ adduct with m/z 180 and 342), while pyrolysis of 1,6anhydrocellobiosan only produced smaller 1,6-anhydrocellobiosan via a HAGBC mechanism.
This finding suggests that HAGBC can occur after unraveling, but unraveling does not take place
after HAGBC.
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Figure 6.17. Fast pyrolysis of cellobiosylglycolaldehyde produces cellobiosan. CAD mass
spectra of ionized (via NH4+ attachment) a) authentic cellobiosan, and b) cellobiosan produced
form fast pyrolysis of cellobiosylglycolaldehyde.
A general reaction network for fast pyrolysis of cellulose
Based on the results obtained from the fast pyrolysis of reaction intermediates, a general
reaction network is proposed to delineate the fast pyrolysis of cellulose (Figure 6.18). The
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depolymerization of cellulose is likely initiated by either reducing-end unraveling (which produces
unraveled intermediates) or aglyconic Maccoll elimination (which produces reducing
carbohydrates with decreased (n-1) degree of polymerization). For the unraveled intermediates,
both HAGBC and Maccoll can occur. However, once HAGBC is initiated, the 1,6anhydrocellodextrin will keep undergoing HAGBC until a levoglucosan is eventually produced.
Alternatively, the unraveled intermediate can undergo aglyconic Maccoll elimination to generate
a reducing end, which starts another cycle of depolymerization with decreased (n-1) degree of
polymerization. The proposed reaction network agrees well with the experimental observation that
the abundance of glucose produced from fast pyrolysis of cellodextrins decreases as the degree of
polymerization of the cellodextrins increases:31 the more monomer units the pyrolyzed
cellodextrin has, the more likely the reaction gets diverted to HAGBC, resulting in less glucose
produced via the Maccoll pathway. It should be noted that this proposed reaction network does not
exclude the possibility that other reaction mechanisms might occur for long chain polymeric
cellulose. Nevertheless, the pyrolysis of oligomeric cellodextrins should follow these highly
ordered mechanistic pathways.
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Figure 6.18. Proposed reaction network for fast pyrolysis of cellulose.
Conclusions
The experimental approach presented in this study identified reducing-end unraveling,
HAGBC, and aglyconic Maccoll elimination as important mechanisms for the fast pyrolysis of
cellulose. An examination of the pyrolysis of some reaction intermediates revealed an organized
reaction network initiated by either reducing-end unraveling or aglyconic Maccoll elimination.
HAGBC occurs for unraveled intermediates and diverts the reaction to generate 1,6anhydrocellodextrin, which continues to undergo HAGBC and eventually produces levoglucosan.
Maccoll can occur for both unraveled intermediates and intact cellodextrins, which results in
cleavage of the aglyconic bond. Furthermore, HAGBC has been proposed in the literature to occur
at the reducing end of cellodextrins; however, the CAD experiments and

18

O-labeling study

unequivocally disprove the occurrence of such a reaction. Additionally, hydrolysis involving
external water was not observed for the fast pyrolysis of the studied model compounds, and
therefore is unlikely to contribute to the depolymerization of cellulose during fast pyrolysis. These
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experimental results can guide computational approaches to provide better understanding of the
mechanisms and thermodynamics involved in cellulose fast pyrolysis.
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A MASS SPECTROMETRIC STUDY ON THE GASPHASE REACTIVITIES OF VINYL CATIONS

Introduction
Vinyl cations contain a trivalent carbon integrated into an unsaturated  system.1 These
cations are key intermediates in some organic and organometallic reactions.2–5 Although their
existence was proposed in the early 1940s,6 they were not conclusively generated until in the 1960s,
when newly discovered solvolytic and photolytic methods led to the study of their unusual
reactivities in liquid phase.7–9 Meanwhile, the electronic structures of vinyl cations have been
extensively examined using computational methods.2–4,10–13 For example, a computational study
suggests that typical vinyl cations have all three substituents coplanar, with the C=C bond distance
between typical single and double bond lengths.12 Based on the solvolytic and photolytic
generation of vinyl cations in the liquid phase, the structures of vinyl cations have been studied
experimentally using vibrational spectroscopy,14 mass spectrometry.15,16 Later, by using nonnucleophilic counterions such as [B(C6F5)4]- and [CB11H6Br6]-, persistent vinyl cations were
generated and characterized using NMR spectroscopy11,17 and X-ray crystallography.18 The X-ray
study of a persistent vinyl cation found the structure to be linear around the trivalent carbocation
center (α-carbon), suggesting an sp hybridization of the α-carbon.
The reactivities of some simple vinyl cations, such as the C2H3+ (unsubstituted vinyl cation)
and cyclohexenyl cation, have been studied following their generation using solvolytic,11,19 metalcatalyzed,3,5 or photochemical methods.20–23 These vinyl cations were found to undergo addition
in the presence of nucleophiles or elimination to form alkynes.3,5,21,22 Further, the effects of
substitution on their reactivities have been reported, where vinyl cations with electron-donating
substituents were found to have decrease reactivities.23
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However, despite research effort to reveal the reactivities of vinyl cations, the current
experimental approaches are far from satisfactory: 1) vinyl cations generated in liquid phase almost
immediately react with solvent molecules due to their high reactivity, preventing the exploration
of their reactivities towards reagents other than solvents;24 2) photochemical generation of vinyl
cations often leads to competing reactions due to simultaneous generation of related vinyl
radicals;21,23 3) counterions are often not excluded from the reactions, which can greatly affect the
vinyl cation reactivities;21 and 4) the time scale of some experiments can complicate kinetics
studies due to the formation of secondary and tertiary products. These problems may be alleviated
or avoided by gas-phase studies using mass spectrometry.25–27
The ionic nature of vinyl cations makes their study readily amenable to mass spectrometry.
For example, the gas-phase reactions of the unsubstituted vinyl cation C2H3+ with benzene has
been studied in an FT-ICR mass spectrometer, where proton transfer and addition followed by
elimination of an ethylene molecule were observed.28 Further, the employment of mass
spectrometry enables identification of reaction products and determination of reaction kinetics.28
Herein we report the gas-phase generation of unsubstituted (i.e., C2H3+) and mono-, di-, and
trisubstituted vinyl cations and a survey of their reactivities towards an array of reagents (Figure
7.1). These results provide insights into the reactivities of these elusive intermediates. Furthermore,
the vinyl cation generation method described here can be extended for the study of other trivalent
carbocations in the gas phase.

Figure 7.1. Generic structures of the vinyl cations studied here.
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Experimental
My contributions to this project include initiating the project, the experimental design,
synthesis of the vinyl cation precursors, conducting all ion/molecule experiments, and writing a
manuscript. Quantum chemical calculations were performed by Erlu Feng, Jacob Milton, and Dr.
John Nash.
Chemicals and precursor synthesis
Vinyl bromide and chemicals used for synthesis were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and used as received. The detailed synthesis and characterization of the vinyl
cation precursors P2-P6 can be found in Chapter 3.7
Mass spectrometry experiments
Ion/molecule reaction experiments were carried out in a LQIT mass spectrometer (Thermo
Scientific, San Jose, CA, USA) modified with an external reagent mixing manifold that is
described in Chapters 2.6 and 4.2. Briefly, individual volatile reagent was introduced into the
external mixing manifold at a flow rate of 3 µL/hour by a syringe pump. The reagent was vaporized
by heating the stainless-steel manifold with heating tapes. The chemical vapor was then mixed
with ultra-pure helium and was allowed to diffuse into the ion trap through a variable leak valve
connecting the manifold and the ion trap compartment.
The pressure of the chemical reagent in the ion trap was monitored through reactions with
protonated methanol or formaldehyde, detailed in Chapter 2.6.2. The ion/molecule reactions were
performed after the pressure of the reagent had reached an equilibrium. On the other hand, a
methanol solution of vinyl cation precursors was introduced into the ion source via direct infusion
at 10 µL/min flow rate and the gaseous precursors were subsequently ionized by APCI in positive
ion mode. The vinyl cations were generated via sequential CAD events of the ionized precursors
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in the ion trap. The vinyl cations were isolated with an isolation width of 2 m/z-units and allowed
to react with the reagent for 0.03-800 ms. The reaction rate constants were determined based on
plots of the log of the relative abundance of the reacting vinyl cation versus reaction time. The
reaction efficiency is defined as the percentage ratio between the rate constant of reaction and rate
constant of collision. The latter was calculated based on the parameterized trajectory theory.29
Generally, the greater the reaction efficiency, the faster the ion/molecule reaction, which
corresponds to more reactive vinyl cation.
Quantum chemical calculations
Quantum chemical calculations were performed by Jacob Milton and Erlu Feng by either
using density functional theory (DFT) and the Gaussian 09 program, 30 or coupled-cluster
calculations and the Molpro software.31 The energies are reported as enthalpies (kcal/mol) at
UCCSD(T)/cc-pVTZ or M06-2X/cc-pVTZ or UB3LYP/cc-pVTZ level of theory (indicated in the
figure captions). All optimized geometries were examined by a full Hessian calculation to ensure
that all minima had all positive eigenvalues and the transition state structures had exactly one
negative eigenvalue. DFT calculations have been shown corresponding well with calculations
performed at higher levels of theory for vinyl cation studies.,12 and therefore DFT calculations
were chosen for most vinyl cations studied here to obtain representative results in a reasonable
amount of time.

Results and Discussion
Design and fragmentation of vinyl cation precursors
In order to compare the reactivities of substituted vinyl cations to unsubstituted vinyl cation,
the simplest unsubstituted vinyl cation (structure 1, Table 7.1) was generated via the fragmentation
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of vinyl bromide radical cation by CAD. Briefly, vinyl bromide was ionized by APCI in CS2
solvent, generating the vinyl bromide radical cation. This radical cation was then subjected to CAD,
which resulted in the loss of a bromine radical, giving rise to the unsubstituted vinyl cation. A
series of substituted vinyl bromides were also tested in an attempt to generate substituted vinyl
cations. However, little or no signal was obtained after CAD for these substituted vinyl bromide
radical cations (i.e., CAD caused all ion signal to disappear).
Therefore, to overcome above difficulty, a novel precursor and a CAD fragmentation
strategy were developed to generate substituted vinyl cations. Based on literature, Meldrum’s acid
fragments to yield vinylidene upon pyrolysis.32,33 It was envisioned that similar fragmentations
would occur upon CAD of ionized Meldrum’s acid to form protonated vinylidenes – or vinyl
cations (Scheme 7.1). Therefore, mono- and diphenylmethylene derivatives of Meldrum’s acid (P2
and P3; Scheme 7.1) were synthesized (detailed synthesis procedure described in Chapter 3.7).
Precursors P2 and P3 were protonated by atmospheric pressure chemical ionization (APCI) in the
positive ion mode. The ions were transferred into the linear quadrupole ion trap and isolated for
CAD experiments. To our delight, sequential ion trap CAD led to fragmentation of the protonated
precursors P2 and P3 as hypothesized – a sequential loss of acetone (MW 58), carbon dioxide
(MW 44) and carbon monoxide (MW 28) gave rise to ions with the m/z values corresponding to
β-substituted primary vinyl cations. Interestingly, the protonated precursors were not directly
observed in the mass spectrometry experiments. The absence of the protonated Meldrum’s acid
precursors was rationalized by DFT calculations, and a possible fragmentation mechanism based
on these calculations was proposed, which will be discussed in detail later in this thesis.
After above experiments we realized that previous studies suggest that β-substituted
primary vinyl cations spontaneously rearrange to α-substituted secondary vinyl cations (Re2 and

176
Re3, Scheme 7.2A) via hydride/alkyl shift with negligible barriers.12,34,35 Furthermore, a solvolysis
study suggests that generation of β-substituted primary vinyl cations would be impossible due to
this facile rearrangement.8,36 Therefore, the initial primary vinyl cations 2 and 3 likely had
immediately rearranged to secondary vinyl cations as shown in Scheme 7.2 A. Although it is still
important to investigate the reactivities of α-substituted secondary vinyl cations as they constitute
the stable forms of substituted vinyl cations,34,36 it would also be highly desirable to explore the
existence of long-lived β-substituted primary vinyl cations and to examine their reactivities as they
have not been reported previously.

Scheme 7.1. Meldrum’s acid derivatives as the precursors for β-substituted vinyl cations
To prevent the facile hydride/alkyl shift that leads to α-substituted secondary vinyl cations,
it was hypothesized that β-substituents tethered in a cyclic form are less prone to this
rearrangement as it would result in an unstable cyclic vinyl cation. Indeed, quantum chemical
calculations suggest that the alkyl shift of a cyclopropenyl vinyl cation has a barrier of 21.3
kcal/mol and the rearranged cyclobutadienyl cation is 8.1 kcal/mol higher in enthalpy than the
unrearranged form (Scheme 7.2B). Interestingly, the cyclopropenyl ring introduces resonance
stabilization to the cation through delocalization of the vinylic π-electrons, resulting in the
formation of an aromatic cyclopropenium cation with a carbene site (Scheme 7.2B). Therefore,
due to the high barrier of rearrangement and potential stabilization through aromaticity, the
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cyclopropenyl vinyl cation was expected to exist as a persistent primary vinyl cation, which would
allow the investigation of the reactivities of β-substituted primary vinyl cations for the first time.
Furthermore, it is of interest to study the substituent effects on the reactivities and multiplicities of
the cyclopropenyl vinyl cation system, as substitution has been reported to change the singlet and
triplet splitting of vinyl cations.12 Thus, based on the cyclopropenyl vinyl cation scaffold, a novel
class of cyclopropenylidene derivatives of Meldrum’s acid (P4-P6; Scheme 7.3) were synthesized
(detailed synthesis procedure described in Chapter 3.7) as precursors for cyclopropenyl vinyl
cations. The reactivity of the cyclopropenyl vinyl cations bearing π-donating β-substituents –
phenyl (4), p-methylphenyl (5), and p-methoxyphenyl (6) – was examined and is discussed in
detail later in this thesis after consideration of their formation.

Scheme 7.2. A) Rearrangement of an initially formed β-substituted primary vinyl cation to αsubstituted secondary vinyl cation via hydride/alkyl shift. B) Rearrangement of cyclopropenyl
vinyl cation (a primary vinyl cation) to cyclobutadienyl vinyl cation (a cyclic secondary vinyl
cation) via alkyl shift. Calculated at the UCCSD(T)/cc-pVTZ level of theory.
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Scheme 7.3. Cyclopropenylidene derivatives of Meldrum’s acid were proposed as the precursors
for the formation of cyclopropenyl vinyl cations, a proposed long-lived β-substituted primary
vinyl cations.
Similar to mono- and diphenylmethylene derivatives of Meldrum’s acid, P2 and P3, CAD
of the protonated cyclopropenylidene derivatives P4-P6 proceeds through the fragmentation
pathway shown in Scheme 7.1 – a sequential loss of acetone, carbon dioxide and carbon monoxide.
A fragmentation mechanism was proposed and investigated using quantum chemical calculations
(Scheme 7.4). It was mentioned above that the protonated Meldrum’s acid precursors were not
experimentally observed (Figure 7.2). This observation can be rationalized by the following
computational results: upon interacting with protonated methanol during the ionization step,
Meldrum’s acid forms a reaction complex with protonated methanol through a hydrogen bridge,
gaining 62.6 kcal/mol solvation energy. This excessive energy leads to spontaneous fragmentation
of the ion, which results in the loss of acetone and methanol and formation of an oxonium ion
without an appreciable barrier. After the oxonium ion was isolated in the ion trap and subjected to
CAD, a concerted hydride shift and decarboxylation occurs, leading to elimination of carbon
dioxide. Finally, decarbonylation upon another CAD leads to the loss of carbon monoxide and the
formation of the vinyl cation.
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Scheme 7.4. Proposed A) ionization and B) mechanisms of CAD of Meldrum’s acid derivatives
that generate β-substituted vinyl cations. Enthalpies (in brackets; kcal/mol) were calculated at the
M06-2X/cc-pVTZ level of theory. Calculations performed by Erlu Feng.
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Figure 7.2. (A) The ESI (+) mass spectrum of ionized Meldrum’s acid precursor, (B) MS2 CAD
mass spectrum of the fragment ion of m/z 303, and C) MS3 CAD mass spectrum of the fragment
ion of m/z 259. The protonated Meldrum’s acid precursor (m/z 361; structure shown in dashed
box) was not observed in part A. The Meldrum’s acid precursor P5 was arbitrarily chosen as an
example for the Meldrum’s acid derivatives P2-P6. m/z-Values color-coded red indicate the ions
of interest. Data collected by Zaikuan Josh Yu.
Rearrangement of cyclopropenyl vinyl cations
Before proceeding to the reactivity study, it was imperative to consider possible
rearrangements of the initially formed primary cyclopropenylidene vinyl cations. In spite of the
hope to generate persistent primary vinyl cations by preventing rearrangements, further
calculations suggested that these cyclopropenylidene derivatives nonetheless rearrange. Although
prevention of the alkyl shift shown in Scheme 7.2 was achieved, only a small amount of energy
(0.6 kcal/mol) is required to break the cyclopropene ring. As shown in Figure 7.3, the cyclopropene
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ring stays intact when the vinyl cation adopts a planar geometry; however, rotation of one of the
phenyl groups breaks the planarity, leading to ring-opening and formation of an alkyne.
Fortunately, the rearranged product is an α,β-trisubstituted secondary vinyl cation. It is worth
noting that the aromatic cyclopropenium cation was not sufficient to stabilize the initially formed
cyclopropenyl vinyl cation; instead, the rearranged vinyl cations gained stabilization from the
benzylic position. Nevertheless, this rearrangement provides insights into the stabilizing factors
that contribute to the final structures of rearranging vinyl cations.

0.6

0

-7.9

Figure 7.3. Rearrangement of cyclopropenyl vinyl cation through ring opening. Calculated at the
M06-2X/cc-pVTZ level of theory. Calculations performed by Jacob Milton.
Gas-phase reactivity of vinyl cations
After the generation of one unsubstituted (1) from vinyl bromide and five substituted
(rearranged) vinyl cations (Re2, Re3, Re4, Re5 and Re6) from Meldrum’s acid derivatives, the
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reactivities of the vinyl cations were investigated using gas-phase ion/molecule reactions. The
results are summarized in Table 7.1.
The reactivities of the vinyl cations towards cyclohexane were investigated as C-H bond
insertion by anion-coordinated vinyl cations into saturated hydrocarbons in solution have been
reported.37 Among the six vinyl cations, only vinyl cation 1 reacted with cyclohexane. It underwent
100% hydride abstraction at 100% efficiency. The discrepancy between the reported solution
study37 and this gas-phase study suggests that anion-coordinated vinyl cations in solution have
markedly different reactivities than the “naked” vinyl cations studied here. A counterion effect has
been reported to influence the reactivity of also other vinyl cation intermediates, such as gold-vinyl
cation complexes.38 Therefore, the gas-phase study provides a unique tool in investigating the
reactivity of uncoordinated vinyl cations.

Table 7.1. The efficiencies and product branching ratios for the reactions of vinyl cations with different reagents. Reactivities were
measured by Zaikuan Josh Yu, and calculations were performed by Erlu Feng. Abbreviations: add. = addition, abs. = abstraction, NR
= no reaction. Singlet-triplet energy gaps (ΔEST, kcal/mol) were calculated at the UB3LYP/cc-pVTZ level of theory. Negative ΔEST
values indicate singlet ground states.

ΔEST (kcal/mol)

1

Re2

Re3

Re4

Re5

Re6

-44.1

-50.3

-23.3

-18.3

-17.2

-17.1

Efficiency = 100%

NR

NR

NR

NR

NR

H+ xfer: 75%

CH2 abs: 49%

Add.-C6H6: 50%

Add.: 65%

Add.: 100%

Add.: 100%

H- abs.-CH2: 19%

Add.-C3H6: 20%

Add.: 50%

Add.-C6H6: 25%

H+ xfer-C2H4: 5%

Add.-C4H8: 19%

Add.-C5H8: 7%

H- abs.: 2%

Add.: 10%

Add.-C6H8: 3%

H- abs: 100%

H- abs.: 4%
Efficiency = 100%

Efficiency = 25%

Efficiency = 9%

Efficiency = 8%

Efficiency = 1%

Efficiency = 0.1%

H+ xfer: 100%

Add.: 70%

Add.: 97%

Add.: 62%

Add.: 90%

Add.: 100%

Add.-C4H8: 17%

Add.-CH3: 3%

Add.-CH3: 38%

Add.-CH3: 10%

Efficiency = 72%

Efficiency = 23%

Efficiency = 9%

Add.-CH3: 13%
Efficiency = 100%

Efficiency = 53%

Efficiency = 0.1%
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Table 7.1 continued

ΔEST (kcal/mol)

1

Re2

Re3

Re4

Re5

Re6

-44.1

-50.3

-23.3

-18.3

-17.2

-17.1

H+ xfer: 100%

Add.: 100%

Add.: 100%

Add.: 100%

Add.-C7H8: 70%

Add.: 100%

Add.: 30%
Efficiency = 100%

Efficiency = 5%

Efficiency = 5%

Efficiency = 3%

Efficiency = 1%

Efficiency = 0.1%

H+ xfer: 100%

Add.: 100%

Add.: 100%

Add.: 100%

Add.: 100%

Add.: 100%

Efficiency = 100%

Efficiency = 9%

Efficiency = 48%

Efficiency = 16%

Efficiency = 7%

Efficiency = 0.1%

H+ xfer: 100%

2H abs.: 58%

O abs.: 73%

O abs.: 71%

O abs.: 85%

O abs.: 82%

H+ xfer: 27%

Add.-H2O: 17%

Add.-C5H8: 12%

Add.: 15%

Add.: 18%

H+ xfer-H2O:15%

Add.: 10%

Add.: 11%
Add.-H2O: 7%

Efficiency = 100%

Efficiency = 69%

Efficiency = 70%

Efficiency = 47%

Efficiency = 44%

Efficiency = 43%

H+ xfer: 100%

Add.: 100%

S abs.: 82%

S abs.: 61%

S abs.: 62%

S abs.: 77%

Add.: 18%

Add.: 39%

Add.: 38%

Add.: 23%

Efficiency = 48%

Efficiency = 44%

Efficiency = 25%

Efficiency = 14%

Efficiency = 100%

Efficiency = 57%
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As the substituted vinyl cations Re2-Re6 were found to be unreactive towards cyclohexane,
π-electron rich unsaturated hydrocarbons were next examined, including cyclohexene, 2-butyne,
and benzene. Different from the substituted vinyl cations, the unsubstituted vinyl cation 1 reacted
via dominant proton transfer to these reagents and all others studied. This reactivity can be
explained by the very low proton affinity of its conjugate base – acetylene (153.2 kcal/mol, NIST
database), compared to cyclohexene (187.5 kcal/mol, NIST database), 2-butyne (185.4 kcal/mol,
NIST database), and benzene (179.3 kcal/mol, NIST database).39 In contrast, the addition of one
phenyl substituent increases the proton affinity of phenylacetylene from 153.2 to 196.8 kcal/mol
(calculated at the M062x/6-311++G(d,p) level of theory). Interestingly, diphenylacetylene has a
calculated proton affinity of 197.5 kcal/mol (calculated at the M062x/6-311++G(d,p) level of
theory), suggesting that the second phenyl substituent has only minor effect on proton affinity
compared to the first phenyl substituent. Therefore, the lack of proton transfer for the substituted
vinyl cations Re2 and Re3 can be explained by the higher proton affinities of their conjugate bases
than acetylene. Interestingly, however, the trisubstituted vinyl cations Re4, Re5, and Re6 cannot
form stable conjugate bases upon proton transfer, and therefore no proton affinity of the conjugate
bases was found. Furthermore, upon reactions with these three unsaturated hydrocarbons
(cyclohexene, 2-butyne, and benzene), the substituted vinyl cations Re2-Re6 formed stable
covalent adducts, agreeing well with addition reactions of vinyl cations reported in the
literature.3,5,21,22 Upon CAD, these covalent adducts generated distinct fragment ions, suggesting
their covalent nature.
A mechanistic literature study on the addition of vinyl cations to olefins and alkynes
suggested a nonconcerted dipolar mechanism rather than a concerted [2+2] cycloaddition
mechanism.40 Based on the proposed mechanism, a faster reaction with alkynes compared to
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alkenes was predicted due to the orthogonal -systems in alkynes.40 Indeed, our experimental
results indicate that vinyl cations Re2-Re6 react faster with alkynes (e.g., 2-butyne) than with
alkenes (e.g., cyclohexene), Furthermore, the adduct formation towards unsaturated compounds is
not limited to hydrocarbons. Upon reactions with acetonitrile, vinyl cations Re2-Re6 also formed
stable covalent adducts, which likely correspond to two possible isomers – nitrile ylide (if the
nitrogen lone pair is the nucleophilic site) or 2H-azirine (if the nitrile π-bond is the nucleophilic
site) (Scheme 7.5). Besides formation of stable adducts, addition followed by elimination was
observed for several substituted vinyl cations, likely due to the high exothermicity of these addition
reactions.

Scheme 7.5. Addition of vinyl cations to acetonitrile to acetonitrile can lead to the formation of
two possible isomers: nitrile ylide (top) and 2H-azirine (bottom).

Among above vinyl cations, the trisubstituted vinyl cations Re4-Re6 with increasingly πdonating substituents (phenyl, para-methylphenyl, and para-methoxyphenyl) showed decreased
reaction efficiencies (Re4 > Re5 > Re6) towards a given reagent. This observation agrees with
reported trends that vinyl cations carrying electron donating substituents are less reactive towards
nucleophile.3,22,23
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Notably, vinyl cations Re3-Re6 reacted with cyclohexene oxide to yield an oxygen atom
abstraction product. A similar reaction was observed when these cations were allowed to react
with thiirane: a sulfur atom abstraction was observed. In contrast, the vinyl cation Re2 did not
show such reactivity. The difference in the behavior between the vinyl cations Re2 and Re3
suggests that the extent of resonance stabilization can drastically change the reactivities of vinyl
cations. To the best of our knowledge, these chalcogen atom abstractions by resonance-stabilized
vinyl cations have not been reported before. Therefore, it was of interest to explore the possible
mechanisms that underly these abstraction reactions. Quantum chemical calculations were
performed by Erlu Feng on the reactions of vinyl cation Re3 with oxirane. DFT calculations
suggest that the reaction is likely initiated by a nucleophilic attack of oxirane at the vinyl cation αcarbon, generating a covalent adduct. A concerted dissociation of two C-O σ-bonds and formation
of one C-C and one C-O π-bond results in the elimination of ethylene and generation of a βcarbonyl benzylic carbocation (Figure 7.4). The calculated enthalpy of the transition state is below
the energy level of the separated reactants, suggesting the reaction to be exothermic. This
exothermicity demonstrates the feasibility of the proposed mechanism.
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Figure 7.4. Calculated enthalpy changes (kcal/mol) for oxygen atom abstraction by vinyl cation
Re3 from oxirane. Calculations were performed at the M06-2X/6-311++G(d,p) level of theory.
Calculations performed by Erlu Feng.

Interestingly, above oxygen/sulfur atom abstraction from oxirane/thiirane has been
reported to be characteristic for singlet carbenes,41,42 which suggests that the vinyl cations Re3Re6 may have carbene-type reactivity. As shown in Scheme 7.6A, the diphenyl substituted vinyl
cation Re3 has an important resonance structure with a formally separated carbene reactive site
and a resonance-stabilized benzylic carbocation. The carbene reactive site then abstracts the
chalcogen atom through addition followed by concerted elimination as suggested in the literature.41
In contrast, the resonance structure of monophenyl substituted vinyl cation Re2 has an unstable
primary carbocation, and therefore less likely to exhibit carbene-type reactivity (Scheme 7.6B).
Therefore, the different reactivities towards cyclohexene oxide and thiirane between Re2 and Re3
is likely due to the more stable positive charge in Re3 compared to Re2, resulting in more
significant carbene character in Re3. This same rationale also explains the oxygen/sulfur
abstractions observed for trisubstituted vinyl cations Re4-Re6 in that they also have important
resonance structures that contain benzylic carbocation (Scheme 7.6C).

189

Scheme 7.6. A) Distonic carbene resonance structure that explains the chalcogen abstraction by
vinyl cation Re3 from oxiranes and thiiranes. Distonic carbene resonance structures of B) Re2
and C) Re4.
Singlet-triplet splitting
The ion/molecule reactions of vinyl cations Re1-Re6 with various reagents discussed above
suggest singlet reactivity in that no radical type reactions (triplet reactivity) were observed (e.g.,
hydrogen atom abstraction from cyclohexane). These experimental results agree with the
calculated singlet ground state for all six vinyl cations studied. The unsubstituted vinyl cation has
an ΔEST of -44.1 kcal/mol. Interestingly, while the addition of a phenyl substituent at the α carbon
(Re2) decreases the ΔEST to -50.3 kcal/mol, a second phenyl substituent at the β carbon (Re3)
drastically increases the ΔEST to -23.3 kcal/mol. This trend continues: the addition of an alkynyl
substituent at the vinylic β-carbon (Re4) further increases the ΔEST to -18.3 kcal/mol. This much
greater effect of β electron-donors than α electron-donors on vinyl cation ΔEST that shifts ground
state from singlet to triplet has been reported previously in the literature.12 On the other hand, the
addition of π-donors on the phenyl substituents (Re5 and Re6) has only a minor effect on the ΔEST.
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Conclusions
Meldrum’s acid derivatives have been developed and synthesized as precursors for substituted
vinyl cations in an LQIT mass spectrometer. A novel rearrangement of the cyclopropenylidene
vinyl cations to alkynyl substituted vinyl cations is reported. The ion/molecule reactions of these
substituted vinyl cations demonstrated their intrinsic electrophilicity, as was expected. The
different reactivities observed between gas-phase and solution reactions provided a unique
perspective on the reactivity of unsolvated vinyl cations. Furthermore, the previously unreported
oxygen/sulfur atom abstraction from cyclohexene oxide/thiirane suggests that vinyl cations with
delocalized positive charges have prominent carbene character. Although neutral carbenes are
known to react with saturated hydrocarbons through C-H insertion in solution,43,44 the ionic nature
of distonic carbenes likely prevents them from reacting with poor nucleophiles such as saturated
hydrocarbons. All of the studied vinyl cations have calculated singlet ground states with ΔE ST
affected mostly by β electron-donors. However, the electron-donating groups (methyl in Re5 and
methoxy in Re6) on the β-phenyl substituents have little effect on the ΔEST of the vinyl cation.
Overall, these results provide valuable insights into the unusual reactivities of these highly reactive
intermediates.
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